Structure of Cross-Bridges in Vertebrate Skeletal Muscle Activated by Photolysis of Caged Ca2+ by Lenart, Thomas Duane
University of Pennsylvania
ScholarlyCommons
Publicly Accessible Penn Dissertations
1993
Structure of Cross-Bridges in Vertebrate Skeletal
Muscle Activated by Photolysis of Caged Ca2+
Thomas Duane Lenart
University of Pennsylvania
Follow this and additional works at: https://repository.upenn.edu/edissertations
Part of the Biophysics Commons
This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/3085
For more information, please contact repository@pobox.upenn.edu.
Recommended Citation
Lenart, Thomas Duane, "Structure of Cross-Bridges in Vertebrate Skeletal Muscle Activated by Photolysis of Caged Ca2+" (1993).
Publicly Accessible Penn Dissertations. 3085.
https://repository.upenn.edu/edissertations/3085
Structure of Cross-Bridges in Vertebrate Skeletal Muscle Activated by
Photolysis of Caged Ca2+
Abstract
In order to understand the contraction mechanism in vertebrate skeletal muscle, one must correlate the
structural and mechanical details of the cross-bridge cycle on the millisecond time scale. Using electron
microscopy, I investigated the structure of cross-bridges in fibers activated by photolysis of caged ca2+ and
then ultrarapidly frozen and freeze substituted with tannic acid and OsO4. Sections from relaxed fibers show
helical tracks, presumed to be rnyosin heads, on the thick filament surface. Optical diffraction patterns show
strong meridional spots and layer lines up to the 6th order of the 429 Å repeat, indicating preservation and
resolution of periodic structures smaller than 100 Å . Following photo-release of ca2+, the myosin 1/429 Å-1
layer line becomes less intense, and higher orders disappear, both with a time course which precedes the rise
in tension. Å 1/360 Å-1 layer line appears early in contraction ( 12-15 ms) and becomes stronger at later
times. The intensity of the 1/143 Å_-1 meridional spot decreases initially and then increases to greater than its
value in relaxed fibers, while it broadens six-fold laterally. The 1/430 Å-1 meridional spot is present during
contraction but markedly weakened. The 1/215 Å-1 meridional spot is weak or absent. These results are
consistent with time resolved X-ray diffraction data on the periodic structures within the fiber. The
intensification of the 1/360 Å-1 layer line, with a concomitant decrease in the intensity of the 1/429 Å-1 layer
line, supports the view that at least some crossbridges decorate the thin filament during contraction with an
act in based set of periodicities, but not to the same degree as is seen in rigor. The lateral spread of the 1/ 143
Å-1 meridional spot indicates a disorder of axial coherence among thick filaments during tension
development. In sections along the (1,1) plane of activated fibers, the individual cross-bridges have a wide
range of shapes and angles, perpendicular to the fiber axis or pointing toward or away from the Z-line. Fibers
frozen at 12-15 ms, 30-35 ms, and 210-220 ms after photolysis all show surprisingly similar cross-bridges.
Thus, a highly variable distribution of cross-bridge shapes and angles is established early in contraction.
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ABSTRACT 
STRUCTURE OF CROSS-BRIDGES 
IN VERTEBRATE SKELETAL MUSCLE 
ACTIVATED BY PHOTOLYSIS OF CAGED ca2+
Thomas Duane Lenart 
Yale E. Goldman 
In order to understand the contraction mechanism in 
vertebrate skeletal muscle, one must correlate the 
structural and mechanical details of the cross-bridge cycle 
on the millisecond time scale. Using electron microscopy, 
I investigated the structure of cross-bridges in fibers 
activated by photolysis of caged ca2+ and then ultra­
rapidly frozen and freeze substituted with tannic acid and 
oso4• Sections from relaxed fibers show helical tracks,
presumed to be rnyosin heads, on the thick filament surface. 
Optical diffraction patterns show strong meridional spots 
and layer lines up to the 6th order of the 429 A repeat, 
indicating preservation and resolution of periodic 
structures smaller than 100 A. Following photo-release of 
ca2+ , the myosin 1/4 29 A-l layer line becomes less intense, 
and higher orders disappear, both with a time course which 
precedes the rise in tension. A 1/360 A-l layer line 
vi 
appears early in contraction ( 12-15 ms) and becomes 
stronger at later times. The intensity of the 1/143 J_-1 
meridional spot decreases initially and then increases to 
greater than its value in relaxed fibers, while it broadens 
six-fold laterally. The 1/430 J.-l meridional spot is 
present during contraction but markedly weakened. The 
1/215 J.-l meridional spot is weak or absent. These results
are consistent with time resolved X-ray diffraction data on 
the periodic structures within the fiber. The 
intensification of the 1/360 ,s.-1 layer line, with a
concomitant decrease in the intensity of the 1/429 J_-l
layer line, supports the view that at least some cross­
bridges decorate the thin filament during contraction with 
an act in based set of periodicities, but not to the same 
rigor. The lateral spread of the degree as is seen in 
1/ 143 J_-l meridional spot indicates a disorder of axial 
coherence among thick filaments during tension development. 
In sections along the (1,1) plane of activated fibers, the 
individual cross-bridges have a wide range of shapes and 
angles, perpendicular to the fiber axis or pointing toward 
or away from the Z-line. Fibers frozen at 12-15 ms, 30-35 
ms, and 210-220 ms after photolysis all show surprisingly 
similar cross-bridges. Thus, a highly variable 
distribution of cross-bridge shapes and angles is 
established early in contraction. 
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CHAPTER ~ INTRODUCTION
I.A. PURPOSE OF THE INVESTIGATION
The purpose of this investigation is to directly
observe the structural changes in the cross-bridges that
lead to force production during muscle contraction. The
contractile apparatus in striated vertebrate muscle
occupies a large proportion of the cell material. Actin
and myosin, which comprise 60% of the structural protein in
these cells (Perry, 1953), are the two major proteins
involved in muscle contraction. These contractile proteins
are organized into sets of interdigitating thick and thin
filaments, which comprise the organelle responsible for
muscle contraction called the myofibri1 (FIGURE 1). The
thick filament is composed primarily of myosin molecules
(80-90%), the remainder being made up of a number of
accessory proteins. The thin filament is composed
primarily of actin molecules and regulatory proteins. The
origin of the force responsible for mUScle contraction is
still one of the central unsolved questions in muscle'
biophysics. The type of answer to this question has
gradually become clearer, particularly through studies on
the structure of muscle. First, the discovery of filaments
in muscle, their arrangement and their behavior during
stretch led to the sliding filament hypothesis (H.E. Huxley
& Hanson 1954; A.F. Huxley and Niedergerke I 1954). It has
1
,,,,
I
I,
MYIGltFlbrt
FIGURE l. Anatomical relationship between vertebrate
skeletal muscle, the organ, its basic units of repeat, the
sarcomere. (Modified from Bloom & Fawcett (1975)).
2
been shown that several aspects of muscle functioning can
be accounted for on this basis (Hanson & H.E. Huxley, 1955;
A.F. Huxley, 1957). Cross-bridges were observed between
the thick and thin filaments (H.E. Huxley, 1957) and it was
demonstrated that the cross-bridges were the globular heads
of myosin molecules (H.E. Huxley, 1963). A plausible
explanation for how the sliding of the filaments is
accomplished during the contraction of striated muscle, is
via structural changes in the cross-bridges which undergo
repetitive cycles in attachment and detachment of cross-
bridges as the filaments move passed each other (A.F.
Huxley, 1957; Reedy, et al., 1965; H.E. Huxley, 1960,1969;
Eisenberg & Hill, 1978; see FIGURE 2). However, even the
general nature of the structural change has yet to be
described through direct experimental elucidation. The
energy for contraction is provided by coupling hydrolysis
of ~n ATP molecule to the cycle of cross-bridge attachment
and detachment (Lymn & Taylor, 1971). Furthermore, the
Ca2+ ion has long been associated with the control of
contraction (Weber, 1959; Ebashi, 1961). The site of Ca2+
action or control varies in different muscles. The most
well characterized system involves the regulatory protein,
troponin, which intrinsically suppresses the interaction
between the actin and myosin filaments. Ca2+ acts, in
effect, by rendering the troponin inoperative. Removal of
this regulatory protein therefore results in permanent
3
Head rotation constituting
power stroke
E 3
Rigor state
•I (3)
I
I
VATP
(1) ..
(2) . ~
f(@!ADP,Pj'" +r~ ATP
~ ~ ~ ~'----------;, Elementary '------~
hydrolysis step
1 Thin Filament
Thick Filament
FIGURE 2. Modified Lymn-Taylor model (1971) of the cross-
bridge cycle. The rigor-like binding of the myosin head
with actin is depicted in the upper right hand corner of
the scheme. Upon binding ATP (I), the head detaches and
is able to undergo the elementary ATP hydrolysis step (2)
in the detached state. The head, with bound hydrolysis
products, can then rebind actin (3) so that the long axis
of the head is perpendicular to the actin filament. Upon
release of the hydrolysis product (4) the head undergoes a
rotational motion which is thought to be the conformational
change known as the power stroke that gives rise to force
generation. After power stroke, the head re-establishes
the rigor-like bound state, in which the long axis of the
head makes an angle of 450 with the actin filament, until a
new ATP binds the head and detaches it from the actin,
thereby initiating a new cycle.
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activation regardless of the Ca2+ concentration.
Standard textbook descriptions of the cross-bridge
cycle indicate that tension results from a rotational
motion of the myosin head. Although there is evidence of
conformational changes in the myosin head during muscle
contraction, there is no direct evidence to date that the
conformational changes observed are linked to force
production. The goal of this investigation is to attempt
direct detection of the structural intermediates of the
cross-bridges in the cross-bridge cycle during the onset of
contraction by observation in the electron microscope.
I.B. EXPERIMENTAL APPROACH
The concept of a change in the structure and/or angle
of attachment of the myosin heads during contraction is
consistent with the wealth of structural and mechanical
information available to date. The studies which give rise
to this information are only briefly stated here and will
be expanded upon in detail in the historical background
section. These studies include the in vitro structural work
of isolated actin filaments, decorated with myosin heads
(Craig et al., 1985; Applegate & Flicker, 1987; Katayama,
1989; Zot et al., 1990; Frado & Craig, 1992). A structural
and/or angle change of the myosin head during contraction
is also consistent with the structural and mechanical work
from Whole muscles and single fibers,
5
such as the X-ray
diffraction of whole muscles that are relaxed, in rigor or
in steady state contraction (H.E. Huxley & Brown, 1967;
H. E. Huxley, 1968), and the mechanical responses of
contracting muscle fibers to which quick-releases have been
imposed (A.F. Huxley & Simmons I 1971). Evidence which
suggests that the power stroke of the cross-br idges
involves an axial displacement of part of the bridge rather
than a rotation of the whole head on the thin filaments
comes from millisecond time-resolved X-ray diffraction
studies of contracting muscles during quick mechanical
transients (H.E. Huxley et al., 1981, 1983). However, a
detailed understanding of structural changes of the myosin
head during contraction has been difficult to achieve from
the X-ray diffraction patterns and mechanical transients of
active muscles. Much effort has been expended on
understanding the cross-bridge cycle, yet its precise
structural basis still remains unknown.
A different approach to elucidating the var ious
putative cross-bridge structures in the cross-bridge cycle
has been to study cross-bridge configuration in fibers or
muscles that are in static states. Cross-bridge structure
has been studied in muscles in the relaxed state (e.g.
Reedy et al., 1965; H.E. Huxley & Brown 1967,; Wray et al.,
1975; and Crowther et al., 1985) and the rigor state (e.g.
Reedy et al., 1965; H.E. Huxley & Brown, 1967; Wray et al.,
1978), as well as in the presence of the ATP analog AMPPNP
6
(e.g. M.e. Reedy et al., 1983; Padron & H.E. Huxley, 1984)
and in low ionic strength (e.g. Brenner et al., 1982; Xu et
al., 1987). However, the types of cross-bridge structures
observed in these studies do not provide direct evidence
for the structural changes that the cross-bridges undergo
during force production, because in each case the cross-
bridges are either in a stable I
modified such that they could be
structurally and/or functionally, from the native cross-
static state or are
inherently different,
bridge of an actively contracting muscle.
Chemical fixation is not a viable alternative for
capturing structural intermediates in the cross-bridge
cycle because the process of chemical fixation is slow
relative to cross-bridge dynamics during contraction.
Rapidly applied stretches and releases on single fibers
undergoing isometric contraction reveals cross-bridge
mechanical dynamics occurs on a millisecond time-scale
(A.F. Huxley & Simmons, 1971), whereas conventional
chemical fixation occurs on a second time-scale
(Fitzharris et a1., 1972). Furthermore, methods in which
relatively rapid chemical fixation can be achieved (Brown
et al., 1982) I prove to create fixation artifacts at the
ultrastructural level. The occurrence of ultrastructura1
artifacts produced by chemical fixation was elegantly
demonstrated by Reedy (1971) in which changes in the X-ray
diffraction of insect flight muscles were monitored during
7
fixation with osmium tetroxide and aldehydes. Although
insect flight muscle in the rigor state showed little
change in the X-ray diffraction pattern before and after
fixation, the relaxed state showed significant changes with
chemical fixation (e.g. reduction in resolution and
increased diffuse scattering). These X-ray diffraction
pattern results were confirmed when smaller portions of the
same fixed muscle fibers used in the X-ray experiments were
examined directly in the electron microscope (M.e. Reedy et
al., 1983; M.K. Reedy et al., 1983).
In principle, however, the structural intermediates of
the cross-bridge cycle can be arrested by using a rapid
means of physical fixation, such as cryofixation (see
Robards and Sleytr, 1985). This technique not only rapidly
arrests ultrastructural movements, but in conjunction with
other types of fixation techniques, also has the advantage
of being able to preserve the native ultrastructure, at
least for several microns from the freezing edge, of the
specimen. The rnaj or advances in techniques for fast
freezing of biological specimens appearing in the
literature are reviewed by Heuser (1981) and Sitte et al.
(1987). Quick-freezing on a liquid-helium-cooled copper
block occurs in less than a millisecond (Bald, 1985) I so
that transient events can be arrested (e.g. Heuser et al.,
1979). Recent publications have shown the applicability of
ultra-rapid freezing to muscle ultrastructure.
8
Vertebrate
muscles (Rana pipens) rapidly frozen and prepared for
electron microscopy by either freeze-substitution, freeze-
fracture or cryoultramicrotomy show transverse tubular
swelling in hypertonic solutions, with no evidence of an
increased size for any of the elements of the sarcoplasmic
reticulum (Franzini-Armstrong et al., 1978). Freeze-
fracture images of glycerinated insect flight muscle in
rigor show good preservation of cross-bridge structure
(Heuser & Cooke, 1983), and freeze-substitution has been
used to study cross-bridge structure in glycerinated rabbit
psoas muscle during steady-state contraction (Tsukita and
Yano, 1985, 1986; Huxley et al. 1987 i Hirose and
Wakabayashi, 1991). Also, Padron et ala (1988) have
obtained excellent images from ultra-rapidly frozen and
freeze-substituted specimens of relaxed and stimulated frog
sartorius muscle. This study included the ultra-rapid
freezing of both live and skinned muscle specimens during
electrically or chemically induced contraction at
predetermined, precisely measured points of the tension
time course, which was recorded up to the point of
freezing. However, during normal contractions of
vertebrate striated muscle, it is believed that the cross-
bridges which produce the sliding force undergo
asynchronous cyclical changes in their structure. Thus, an
electron micrograph from a fiber under these conditions
will show a mixture of cross-bridges in perhaps several, if
9
not all, of the whole range of cross-bridge structural
states. Therefore, these experiments could not establish a
correlation between the configuration of a cross-bridge and
its stage in the mechanochemical cycle. However, all of
these structural studies have demonstrated the usefulness
of ultra-rapid freezing as a means to isolate different
cross-bridge structural states, on a millisecond time
scale, for direct observation by electron microscopy.
A unique approach to detect directly the structural
intermediate states of the cross-bridge cycle includes
rapid activation of muscle with the use of caged compounds
followed by ultra-rapid freezing on a liquid-helium-cooled
copper block. Caged compounds are biologically inactive,
photosensitive precursors of effector molecules. Caged
compounds are used to introduce these effector molecules
rapidly, and with known concentration and location, in
organized biological systems such as muscle fibers,
biological membranes, or cells (McCray & Trentham 1989).
An example of one such compound is "caged ATP" (see FIGURE
3), a biologically inert, but photolabile, precursor of ATP
(Kaplan et al., 1978). Activation of muscle by photolysis
of caged compounds has the advantage over steady state
activation for two reasons: 1.) many more of the cross-
o bridges in the muscle fiber are synchronized, at least
initially, since they are abruptly activated from a well
characterized mechanical and structural state, and 2.) a
10
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FIGURE 3. Photolysis of caged ATP. This scheme depicts
the photorelease of ATP from caged ATP and the concomitant
production of a nitrosoacetophenone.
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much more orderly disposition of the filaments within the
sarcomere is obtained. Hirose et al. (manuscript in
preparation) report activation of glycerinated rabbit psoas
muscle from the rigor state by photolysis of caged ATP I
followed by rapid freezing, and the examination of the
ultrastructure of fibers frozen at several time points
An alternative method for the activation of skeletal
muscle is with the photolysis of photosensitive calcium
chelators generically called "caged calcium" (Goldman et
al. I 1988; Barsotti et al., 1989). 1-(2-nitro-4,5-
dimethoxyphenyl)-N,N,N',N'-tetrakis [(oxycarbonyl)methyl)-
with a jump in the ATP concentration. Secondly, prior to
1,2-ethanediamine
and Ellis-Davies,
(Ellis-Davies and Kaplan, 1988i Kaplan
1988), or DM-nitrophen (see FIGURE 4) I
was the caged calcium used in this study. Frog sartorius
and rabbit psoas muscle fibers were activated from the
relaxed state by photolysis of DM-Nitrophen. Activating
muscle from the relaxed state with photolysis of DM-
nitrophen has advantages over a similar approach in which
activation from the rigor state is achieved by photolysis
of caged ATP. First, calcium activation of muscle from a
relaxed state is how muscle is activated ~n vivo, thereby
being much more physi?logical than activation from rigor
activation from the relaxed state with DM-nitrophen, most
if not all of the heads are detached from actin (Lenart et
al., 1992). During the first milliseconds after
12
> 300 hv
FIGURE 4. Photolysis of DM-nitrophen, a caged Ca2+. The
photorelease of Ca2+ from DM-ni trophen includes the
production of two iminodiacetic acid molecules with a
lowered affinity for Ca2+ ions.
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activation, as tension is just beginning to rise from the
relaxed level, one would expect a significantly larger
population of the attached heads to be in a "pre-force
generating" state relative to the attached heads in a fiber
undergoing steady state contraction. That is to say,
images of fibers ultra-rapidly frozen milliseconds after
activation with photolysis of caged calcium may reveal the
ultrastructure of the putative pre-force generating cross-
bridge, as well as the first force generating cross-
bridges. This is in contrast to the first few milliseconds
after activation of a rigor fiber with photolysis of caged
ATP, where there is a mixture of pre-force generating and
force generating cross-bridges, in addition to, possible
rigor cross-bridges that have not yet detached from the
thin filaments (i.e. "primary rigor cross- bridges") .
Analysis and interpretation of the cross-bridge structures
from images of fibers frozen within the first milliseconds
of activation from the rigor state with caged ATP are
complicated by the possibility of additional cross-bridge
structures representing primary rigor cross-bridges.
The present work describes modifications we have made
to a cryopress built to the design of Heuser et al. (1979),
based on previous designs (Eranko, 1954; van Harreveld and
Crowell, 1964; van Harreveld et al., 1974; Dempsey and
Bullivant, 1976a,b; see reviews by Robards and Sleytr,
1985; and Sitte et al., 1987). Also described are the
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instrumentation and methods for freezing skinned frog
sartorius muscle fibers, which have been activated from the
relaxed state with photolysis of DM-nitrophen, at
predetermined times. The tension transients of these
activated fibers are recorded up to the point of freezing.
The three time points that have been studied are 12-15, 33,
and 220 ms after photolysis of caged calcium. This
approach has been used to isolate and directly identify
structural intermediates of the cross-br idges in the
cross-bridge cycle.
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CHAPTER II. HISTORICAL BACKGROUND
II.A. THE STRUCTURE AND LATTICE ORGANIZATION OF VERTEBRATE
MUSCLE
Muscle is, indeed, a favorable organ for
ultrastructural studies. The structural and lattice
organizational features of vertebrate muscle such as the
longitudinal sarcomere order, the parallel arrangement of
filaments within a myofibril with quasicrystalline
transverse order, and the helical structure of the
filaments themselves enable high-resolution ultrastructural
information to be obtained from intact muscle fibers by a
wide variety of techniques, including electron microscopy.
In fact, some of the most detailed information about cross-
bridge structure has come from electron microscopy
(Applegate & Flicker, 1987; Craig et al., 1985; Frado &
craig, 1992; Hirose et al. 1991, 1993; H.E. Huxley, 1957,
1963; Katayama, 1989; Kensler and Stewart, 1983, 1986;
Milligan & Flicker, 1987; Milligan et al., 1990; M.C. Reedy
et al.,
Reedy,
1989; M.K. Reedy et al., 1965; M.K. Reedy and M.e.
1985; Stewart and Kensler, 1986; Taylor et a L,
1989a,b; Toyoshima & Wakabayashi, 1985a,b; Tsukita & Yano,
1985, 1988; Zot et al., 1990). The two most commonly used
vertebrate skeletal muscles for much of the initial
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ultrastructural work on muscle were the leg muscle of frog
(sartorius) and the back muscle of rabbit (psoas). These
muscle types were chosen because of their ease of
dissection. The shape of muscle cells or fibers
approximates a cylinder. Given this approximate shape of
muscle fibers, frog sartorius muscle fibers are about 100-
150 ~m in diameter in contrast to fibers from rabbit psoas
muscle fibers which are about 75-100 ~m in diameter.
Fibers from both of these muscles are composed of
cylindrical or ribbon shaped myofibrils between 0.5-1 ~m in
diameter. The myofibrils themselves are striated with the
repeating unit of striation called the sarcomere. At rest
length, the frog sartorius sarcomere is 2.2 ~m long. The
cross-striated appearance of unstained myofibrils results
from the alternating light and dark bands (as seen, for
instance, in the polarizing light microscope between
crossed nicols) within the myofibrils (FIGURE 5). The A-
band (from Anisotropic) is the name given for one of the
alternating light and dark bands of the myofibril as seen
in the polarizing microscope, and the I-band (from
Isotropic) is the name for the other band.
The full significance of the banding pattern in muscle
is revealed by the additional resolution of electron
microscopy (FIGURE 6). The striation pattern of vertebrate
skeletal muscle is well accounted for by the presence in
the myofibrils of two sets of filaments; an array of myosin
17
FIGURE 5. Light micrograph of a crab muscle myofibril in a
polarized light microscope. Panel "all shows a dark
background thus giving the A-band a brighter appearance
than the I band. A dark dense line across the center of
each I-band is known as the Z-line (or Z-disc). The
lighter region in the center of the A-band is called the H-
zone. The repeating unit from Z-line to Z-line is called a
sarcomere. Panel "btl shows a light background thus
reversing the contrast pattern from that in panel "a". In
panel "b", the A-band has a darker appearance relative to
the 1- band, and the Z-lines appear as bright dense line
across the center of each I-band. The scale bar is 10 ~m
(From Maeda, Motility of living systems, Gakkai Shuppan
Center, Tokyo, 1982).
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FIGURE 6. Electron micrograph of a longitudinal section
displaying a sarcomere from a relaxed frog sartorius muscle
fiber. Several of the structural elements of the sarcomere
are more easily observed with the resolution afforded by
the electron microscope compared to that from the light
microscope. Final mag. X 42,500).
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filaments arranged side-by-side in axial register defines
each A-band, while an array of thin, actin-containing
filaments emerging from either side of a Z-line (from
German Zwischenscheibe), running up to the point where
they interdigitate between the myosin filaments I defines
the I-band. The less dense central region of the A-band is
known as the H-zone (after Hensen, 1868), also known as the
non-overlap region because this part of the A-band is
composed of only one of the two sets of interdigitating
filaments (viz., the myosin filaments). The denser region
of the A-band, flanking the H-zone, is the region in which
the thin, actin-containing filaments interdigitate or
"overlap" with the thick, myosin filaments, and hence is
called the overlap zone. The ends of the A-band have
remarkably straight edges, indicating that all the myosin
filaments have precisely the same length (1.53 ± 0.05 f..Lm
for frog sartorius muscLe r Kensler and stewart, 1983) and
are probably made up of exactly the same number of myosin
molecules. The mechanism that controls such a remarkably
precise assembly remains unclear. At the middle of the A-
band (or H-zone) is a narrow dense structure called the M-
line (German Mittellinie, "midline"), also called the M-
band or M-disc. In vertebrate skeletal muscle, cross-
sections through the M-band show a regular hexagonal
network of M-bridges which link adjacent myosin filaments
(Knappels & Carlsen, 1968). One of the two known functions
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of the structures in this region is to hold the thick
filaments of the A-band in the desired three-dimensional
hexagonal array so as to better coordinate the sliding of
the interdigitated filaments. The other major function of
the M-bridges is that they are the location of enzymes
important in the metabolism of the sarcomere (Eaton & Pepe,
1972; Turner et al., 1973; Walliman et al., 1977a,b, 1982).
Flanking the M-band are narrow regions that appear lighter
than the remainder of the H-zone. These lightly stained
bands which straddle the M-band were originally termed the
L-region (Light-region) or the bridge free region, but are
now frequently referred to as the "bare zone. II The M-
region,
regions.
"psuedo
thus, is comprised of the M-band and both bare
The M-region is, however I commonly called the
H-zone" because of the confusion an the early
literature between this specific (and constant) region of
the A-band and the whole H-zone (which varies in length
according to the amount of overlap present).
At the molecular level, it can be seen that thick
filaments in striated muscles are bipolar structures formed
by the aggregation of myosin molecules which have both a
rod portion and a globular portion. The coiled-coi1 Q-
helical myosin rods aggregate to form the roughly
cyl indr ica1 myos in filament shafts (backbone s) . The
globular "head" portion of the myosin molecule (also called
the subfragment-1 or 51 portion of the myosin molecule,
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produced by the partial proteolytic cleavage of myosin, see
FIGURE 7) projects from the backbone along the length of
the filaments. It is these heads which can interact with
actin and which have enzyme (ATPase) activity (Lowey et
al., 1969). Myosin filaments also have accessory proteins
bound to them such as C-protein, H-protein, X-proteinl and
F-protein (Offer et al., 1973; Craig & Offer, 1976; Star et
al., 1985; Bennet et al., 1986), the functions of which are
not yet known. Other accessory proteins of myosin thick
filaments include end filaments (Trinick, 1981), AMP
deaminase (Cooper and Trinick, 1984), titinjconnectin
(Wang, 1985; Maruyama et al., 1985), and the M-band
proteins (Turner et aI, 1973; Trinick and Lowey, 1977i
Grove et al., 1984; Bahler et al'l 1985).
The thick and thin filaments are arranged on a
hexagonal lattice, such that in cross-sections through the
region of overlap, each actin filament is located
equidistantly from three myosin filaments arranged on the
vertices of an equilateral triangle. In living fibers, the
lattice vo Lume , like the volume of the whole fiber, is
independent of sarcomere length (April, 1975a,b; Elliot et
al., 1963; Haselgrove, 1970; Matsubara s Elliot, 1972).
Therefore, as the sarcomere length increases, the spacing
between filaments within the filament lattice decreases.
For example, in frog muscle the oenter-to-center spacing of
the myosin filaments is 45 nm at a sarcomere length of
22
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FIGURE 7. Schematic diagram of the myosin molecule.
Cleavage of the molecule into the different fragments
indicated can be achieved with proteolytic enzymes. The
inset indicated the coiled-coil a-helical myosin rod
portion. The actin and ATP binding sites are in the two
globular "head" regions (Sl). (From Bagshaw, 1982).
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2.0 ~m but decreases to 35 nm at a sarcomere length of 3.0
~m (Elliot et al., 1963).
II.B. THE ACTIN FILAMENT STRUCTURE
II.B.l. Introduction
Actin filaments are among the most common filaments in
both plant and animal cells. Consider, for example, the
beautiful array of "stereocilia", bundles of cross-linked
actin filaments, located in the cochlea of our ears and
allowing us to hear. These bundles bend, much like a field
of wheat in the wind, in response to sound waves. It is
this mechanical energy that is transformed indirectly into
electrical changes that result in the sensation of hearing.
In muscle, actin filaments are involved in a different type
of energy convers ion. Here, these filaments serve as
activators for the ATPase of the myosin filaments which
convert chemical energy, obtained by the splitting of ATP,
into mechanical energy. Thus, the transduction of chemical
energy into mechanical energy, by the myosin ATPase,
provides the necessary force generation that results in
the sliding of the thick filament past the thin filaments.
Actin has a design that is particularly suited for it
to appear in so many places and to perform so many
functions. Not only is it exceptionally sticky, and
specific actin-binding proteins are a key to its different
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assemblies, but it also has exceptional mechanical
properties that may also account for its many roles.
Thin filaments are composed primarily of the protein
actin, with the bound regulatory proteins tropomyosin and
troponin. An actin array in one sarcomere is linked to
that in the adjoining sarcomere by the crosslinking
structure, the Z-band (also commonly called Z-disc and Z-
lines). Actin filaments are polar structures and the Z-
disc functions as a structure which produces the required
polarity reversal of the two actin arrays in successive
sarcomeres. In this way the actin filaments at opposite
ends of a sarcomere have the appropriate polarity for
interaction with the two oppositely polarized ends of the
A-band. The Z-disc, thus, also serves to transmit tension
from one sarcomere to the next during muscular contraction.
In addition to the well-known Z-band, there are less
visible N lines (German Nebenscheibe: neben, "adjacent" +
Scheibe, "slice") found at varying distances from the z-
line within the I band (see FIGURE 8). The actin filaments
are straight and tetragonally arranged from the Z to the Nl
line. The actin filaments form an irregular array in the
rest of the I band but are forced into a hexagonal lattice
by the myosin filaments of the A-band (Franzini-Armstrong,
1970) . Identification of the N2 line has been made (Wang,
1980i for classification of the N lines see Locker & Wild,
1984) •
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FIGURE 8. Electron micrograph of a longitudinal section
through a peripheral fibril of a fiber. The positions of
the Nand N2 lines are marked with ferritin. Final mag. X
47,oo~. (Micrograph most generously provided by Dr. Clara
Franzini-Armstrong) .
In vertebrate striated muscles, both myosin and actin
filaments are, at least approximately, helical. At low
resolution, actin filaments appear as two strings of beads
(actin monomers; G-actin with moLecu Lar weight (M.w.) =
42,000), twisting around each other in a right handed helix
with a pitch of 720-760 A. and a diameter of about 80 A
(FIGURE 9). Hanson & Lowy (1963) described the structure
of the actin filament as a two-stranded set of globular
subunits with 13 units in a repeat (corresponding to 2 1/6
subunits per turn of the small-scale "genetic" helix [note:
genetic helix is defined below]), with a crossover repeat
of the actin filarnent is about 360-370 A. in vertebrate
muscles. Because the structure is two-stranded, the whole
filament has an apparent repeat of one-half the helix pitch
of each strand. Thus one may say that an actin helix has a
true pitch of 730 A. or a pitch of 2 X 365 A.. Although the
actin filament is conveniently described as a two-stranded
structure, it may also be described as a single-stranded
"genetic" or primitive helix. In this single-stranded
model one can trace out tightly coiled right- and left-
handed helices, which take in alternate staggered subunits
of each chain (from the point of view of the two-stranded
structure) and it is their pitches that give the 51 and 59
A layer lines respectively. The distance of 54.6 A
separates the G-actin monomers axially along each strand of
the filament, and the monomers on each strand are displaced
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I~ 365 A
FIGURE 9. Diagrammatic representation of an actin
filament. The filament in this diagram can be viewed as
two stranded structure (i.e., two-start helix) with an
apparent repeat of 365 A, or as a single stranded genetic
or primitive helix with tightly coiled right and left
handed helices (with pitches of 51 and 59 A respectively).
In both cases the distance which separates the G-actin
monomers axially along each strand is ~ 55 A, and the
monomers on each strand are displaced axially by half that
value, ~ 27 A, with respect to the monomers on the other
strand.
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axially by half that value, 27.3 A., with respect to the
monomer on the other strand.
II.B.2. structure of F-actin at the molecular level
Several low resolution investigations of the structure
of F-actin, thin filaments and S1 decorated filaments have
been reported using negative-staining electron microscopy
and image analysis (Moore et al. 1970; Taylor & Amos 1981i
Toyoshima & Wakabayashi, 1985a,b; Vibert & Craig, 1982;
0' Brien et al., 1983; Trinick et al., 1986; Millonig et
al., 1989; Wakabayashi et al., 1975). However, the results
from these investigations have not always been in
agreement, and as a consequence, some of the models for the
molecular structure of F-actin which have been put forth
based on these results are also not in agreement.
Milligan and Flicker (1987) demonstrated that cryo-
electron microscopy coupled with image averaging is capable
of yielding highly reproducible three-dimensional (3-D)
maps of muscle filaments. Milligan et al. (1990) have most
recently extended this work and presented 3-D maps of F-
actin and S1-decorated filaments. This work beautifully
reveals the structure of the actin molecule and the packing
and bonding pattern of molecules in filaments. These
investigators found the maximum thin filament diameter to
be 95-100 A. Their map shows that the filament as
constructed of actin monomers arranged with their long axes
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aligned roughly along the genetic helix. As described by
Milligan & Flicker (1987), the internal density
distribution in the monomer suggests that it is composed of
two domains. In their map there are connections between
adjacent monomers along both the right-hand long pitch
helix and the left-hand genetic (diagonal) helix. Long
pitch connections join predominantly the inner domains of
adjacent monomers, whereas the connections along the
genetic helix link the inner domain of one monomer and the
outer domain of the next monomer.
The atomic structure of the actin:DNase I complex was
solved (Kabsch et al., 1990) and an atomic model for F-
actin was proposed (Holmes et al., 1990) just months prior
to the work by the Milligan group. Milligan I s work
provides strong support for the atomic model of the thin
filament. Taking into account the different resolutions of
the data and the model, it is interesting that the data
and the model are in agreement in terms of not only the
filament polarity and monomer ori errtat Lon , but also the
bonding between actin monomers.
II.B.l. The regulatory system of the thin filaments
Tropomyosin (M.W. = 70,000), a long rod-like molecule
410 ~ long and with a diameter of about 20 ~ and is made up
from two coiled-coils a-helical chains.
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Tropomyosin
molecules with head-to-tail connections bind to actin in
the groove of the long-pitch helix of actin (Hanson & Lowy,
1963; Moore et al., 1970). One troponin molecule (M.W. =
78,000) binds to each tropomyosin molecule, and the binding
of calcium to each troponin molecule is responsible for
regulating the interaction of all the actin molecules of
that section of the helix with myosin (Ebashi et al., 1969;
Weber et al., 1964). The in vitro studies of the binding
stoichiometry of troponin and tropomyosin to actin indicate
that there is one troponin and one tropomyosin for every
seven actin monomers, a.e., every 7 x 54.6 A (see FIGURE
10) . Electron-microscope evidence that troponin has an
axial spacing of about 385 angstroms was confirmed by
demonstration that antibodies to troponin enhance the
intensity of an X-ray-pattern meridional doublet having a
spacing of about 385 A (Ohtsuki et al., 1967; Rome et al.,
1973) . Therefore the axial repeat of the troponin-
tropomyosin complex is not the same as the half-pitch of
the helix (365 A). Conventionally, the term actin filament
describes the filament containing only actin, whereas the
term thin filament is used for the structure containing
actin, tropomyosin, and troponin.
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FIGURE 10. Diagram of a longitudinal view of a thin
filament with the arrangement of actin binding regulatory
proteins, tropomyosin and troponin. Note the troponin
repeat is every 385 A, or approximately seven actin
monomer, which is not the same as the apparent repeat of
the actin helix (365 A).
32
filaments have a shaft diameter
length of approximately 1.57 s,tm.
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of about 150 A and a
The thick filament is
II.C. THE MYOSIN FILAMENT STRUCTURE
Unlike actin filaments, which have very similar
structures in all cells, myosin filaments occur in a wide
variety of forms. A principle distinguishing feature is
the symmetry of the myosin filaments. Although myosin
filaments in different striated muscles do show the same
bipolar packing scheme and similar axial repeat distances
(about 143-145 A) between successive levels of myosin heads
along the filament, each level of myosin heads can contain
different numbers of heads, depending on the muscle type.
The repeat distance of 143-145 A between successive levels
of myosin heads along the filament is known to be generated
by the axial stagger between pairs of myosin rods
interacting optimally through the amino acid side-chains
(McLachlan and Karn, 1982, 1983). Each level of myosin
heads (first referred to as a crown by Reedy et al., 1965)
can contain different numbers of heads, according to the
muscle type. In vertebrate skeletal muscle, for instance,
there are the heads of three myosin molecules at each crown
(Kensler and Stewart, 1983). The heads on successive
crowns are related by appro~imate helical symmetry to form
helical "strands" (squire, 1971, 1979, 1981al 1986a,b) and
as a result, vertebrate thick filaments are said to be
three-stranded. The three-stranded vertebrate thick
said to have 9-3 symmetry (or alternatively called
threefold screw symmetry), as suggested by Squire (1972).
In such a model, the 9-fold symmetry requires that the
cross-bridges are located at angular intervals of 400
around the thick filaments in resting muscle.
The greatest amount of information on the arrangement
of myosin heads in the relaxed muscle has corne from the
examination by electron microscopy of negatively-stained
individual frog thick filaments (Kensler and Stewart, 1986;
Stewart and Kensler, 1986). This group found the diameter
of the thick filament in the bare zone is 158 ~, whereas
the maximum filament diameter in the cross-bridge region is
291 ~, implying that the myosin heads extend about 70 A
from the shaft of the filament and are centered on a radius
of about 110 A (Kensler & stewart, 1983). Shadowing of the
filament surface showed that the dominant, approximately
helical, tracks of the myosin heads were right-handed.
Optical from resultsdiffraction patterns these
qualitatively resembled X-ray diffraction patterns of
resting muscle. Both a series of layer lines indexing on a
429 A repeat and forbidden meridional reflections were
present in the optical diffraction patterns of the shadowed
filaments.
Three-dimensional reconstructions have been calculated
for a tilt series on frog filaments treated with tannic
acid and uranyl acetate (stewart and Kensler, 1986). The
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myosin heads are arranged on these approximately helical
stands making an angle of approximately 300 to the filament
axis, and slewed around the filament axis (see FIGURE 11),
which is in agreement with results of mode ling X-ray
diffraction data (Haselgrove, 1980i Squire, 1975, 1981b i
Harford et al., 1985, Harford & Squire, 1986). This result
is also in agreement with work done by Irving & Peckham
(1986), whose comparison of the birefringences of relaxed
and rigor muscle also suggested that the long axis of the
head makes an average angle with the filament axis of about
300 in relaxed muscle. However, it appears that successive
myosin heads along a strand are perturbed from the
positions expected if the structure were perfectly helical,
not only in axial and azimuthal directions but also
radially (Stewart & Kensler, 1986). Identification of
these perturbations may help to explain the observation of
the forbidden meridional reflections in the transforms of
isolated filaments (Yagi & Matsubara, 1981; Stewart &
Kensler, 1986).
The near-helical order of the myosin heads in relaxed
rabbit and frog myofibrils has also been preserved using
the technique of quick-freezing followed by freeze-etching
or freeze-fracture and shadowing (Ip & Heuser I 1983 i
cantina & Squire, 1986; Tsukita and Yario , 1986). In
agreement with the studies of negatively-stained filaments,
the myosin heads are arranged on three right-handed
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FIGURE 11.. Diagram illustrating the disposition of the
myosin heads about the myosin filament. The myosin
filaments consist essentially of a backbone (or shaft) made
up of the rod parts of many myosin heads. Two heads of
each molecule proj ect from the surface of the backbone,
both being tilted towards the filament and slewed around
the filament axis.
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approximately helical tracks, the repeat is 430 A and the
maximum filament diameter is 300 A. For the frog
filaments, translational averaging showed well-defined
myosin head density peaks elongated along the helical
tracks and spaced about one-third of the repeat (Cantino &
Squire, 1986).
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11.0. STRUCTURE OF THE MYOSIN HEAD
Clearly, the shape and size of the myosin head is
fundamental to our understanding of the structural evidence
of the actin-myosin interaction, as well as the mechanism
of force generation. Winkelmann et al. (1985) did elegant
work using electron microscopy and image processing of
three-dimensional crystals of Sl, the head region of the
myosin molecule, to determine the myosin head shape. Their
work shows the marked curvature of the individual heads,
with the whole head being tadpole-like, or similar to a
very elongated curved pear with the narrow end being the
rod (neck) end. Winkelmann's results were confirmed
through independent techniques by both Vibert (1988) using
image processing techniques of three-dimensional (3-D)
reconstruction applied to actin filaments labelled with 81
and correlation averaging applied to shadowed myosin heads,
and Walker and Trinick (1988) using electron microscopy of
negatively stained, isolated molecules. These groups also
found that the head is elongated, and that the 81 is 150-
200 A long and 30-60 J.. across. Winkelmann, Baker, and
Rayment (1991) used image analysis of electron micrographs
of thin-sectioned myosin subfragment-1 crystals to
determine the structure of the myosin head at 25
resolution. Data were collected from six separate tilt
series and merged to form a complete data set for three
dimensional reconstruction. This approach yielded an
electron density map of the unit cell of the Sl crystal of
sUfficient detail to delineate the molecular envelope of
the myosin head. It was found that the molecule is divided
into essentially three morphological domains: a large
domain on one end of the molecule corresponding to 60% of
the total molecular volume, a smaller central domain of
about 30% of the volume that 1S separated from the larger
domain by a cleft on one side of the molecule, and the
smallest domain corresponding to a thin tail-like region
containing about 10% of the volume. Winkelmann et al.
(1991) propose that this molecular organization supports
models of force generation by myosin which invoke
conformational mobility at interdomain junctions within the
head.
The shape and angle of the myosin head is expected to
vary with the mechanical state of the muscle (e.g. rigor
cross-bridges have a different conformation from active
cross-bridges). A characteristic arrowhead appearance of
myosin heads bound to actin filaments in rigor, with a
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fixed attachment angle have been observed in three-
dimensional reconstructions of isolated filaments
(Toyoshima and wakabayashi, 1985ai Milligan and Flicker,
1987; Milligan et al., 1990). The configuration of the
rigor cross-bridges appears to be different from the active
cross-bridges such as is observed with myosin heads on
isolated actin filaments trapped in the presence of ATP by
cross-linking (Craig et al., 1985; Applegate and Flicker,
1987; Katayama, 1989; Zot et al., 1990) or in the presence
of ATP without cross-linking (Frado & craig, 1992) and
either negative staining or rapid freezing. Rigor cross-
bridges adopt the periodicity of the actin filament as is
seen in intact insect (Reedy et a!., 1985 i Taylor et a1. ,
1989b) and rabbit muscle fibers (Tsukita and Yano, 1985;
Tsuki ta and Yano, 1988). In relaxed muscle fibers of
insect (Heuser and Cook, 1983; Heuser, 1983, 1987), rabbit
(Ip and Heuser 1983), and frog (Cantino and Squire 1986)
the myosin heads show the myosin filament periodicity. In
active muscle fibers, cross-bridges show both the myosin
and actin filament periodicities (Tsukita and Yano, 1985;
Tsukita and Yano, 1988). These results indicate that the
conformation of myosin heads in different mechanical or
biochemical states can be distinguished on the basis of
their shapes and angles.
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II.E. FLEXIBILITY OF THE MYOSIN MOLECULE
The myosin molecule is a remarkably flexible molecule.
The electron micrographs of isolated molecules (Elliot &
Offer, 1978; Walker et al., 1985) clearly demonstrate that
both heads, independent of one another, can freely tilt and
rotate about their attachment to the tail. Thus, despite
the fact that the two heads are symmetric about the head-
tail junction, the heads frequently display a non-symmetric
angle to the tail. This result may have profound
significance to our understanding of how the cross-bridges
produce filament sliding, in light of the in vitro finding
that both heads of the same molecule can bind to the same
actin filament (Craig et al., 1980). If the two heads from
the same molecule were to bind adjacent actin monomers from
the same actin filament, then due to the helical nature of
the actin filament, the portion of the two heads bound to
the thin filament would be at least 8 nm apart, given the
combination of axial translation and azimuthal rotations
that the Sl's would have to undergo. This implies that the
heads from the same molecule binding adj acent actin
monomers from the same thin filament must be significantly
distorted. The fact that such binding is observed,
demonstrates that the heads are capable of considerable
flexion.
Taylor et al. (1984, 1989a,b) showed by 3-D
reconstructions of insect flight muscle that rigor cross-
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bridges can be categorized in one of two classes: leading
bridges which are more triangular (thought to be composed
of two myosin heads of differing conformation bound along
one strand of F-actin) and have a leading edge angled at ~
45° and rear bridges with an orientation of ~ 90° to the
filament axis. It was shown that the rigor cross-bridges
can vary quite a bit in shape depending on whether they are
leading or rear cross-bridges providing further direct
evidence for flexibility of the myosin molecule at the
head-tail junction.
Saturation transfer electron paramagnetic resonance
studies (Barnett & Thomas, 1989) show that spin-labelled
heads of rabbit psoas fibers are able to rotate on a
microsecond time scale, also indicating the intrinsic
flexibility of the myosin head with respect to the myosin
molecule.
It is important to note, however, that the heads of
the myosin molecules are not always freely mobile about the
head-tail junction. Direct observations in the electron
microscope of negatively stained vertebrate muscle thick
filaments, isolated under relaxing conditions (Frog:
Kensler & stewart, 1983, 1986; Steward & Kensler, 1986 and
Fish: Kensler & stewart, 1989), revea1s that the myosin
heads are mainly closely associated with the thick filament
backbone and occupy rather well-defined positions.
Computed Fourier transforms of the negatively stained
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filaments showed a series of layer lines that were similar
to and agree well with the X-ray diffraction patterns of
frog (H.E. Huxley & Brown, 1967; Haselgrove, 1975, 1980)
and fish (Harford & Squire, 1986), but with higher spatial
resolution allowing a definitive determination of the
precise arrangement of the myosin heads.
In vitro NMR studies have revealed that the heads of
the myosin molecules also have flexible structure. Prince
et al., (1981) have demonstrated that virtually all the
amide protons of the polypeptide backbones of the heads
exchange with solvent within 30 min., which suggests an
unusual degree of flexibility of backbone structure for a
globular protein. Also, NMR studies that resolve
restricted nanosecond motions of backbone atoms as well as
longer correlation times (Eads and Mandelkern, 1984) have
provided unambiguous evidence that a quarter of the side-
chains are in rapid movement, including both many of the
hydrophobic side-chains that are presumably buried and also
the 42-residue additional peptide of the Al essential light
cha in. The addition of F-act in to S1 causes marked
resonance broadening of the 1H NMR spectrum (Highsmith et
al., 1979; Prince et al., 1981) reflecting the reduction in
segmental mobility previously available to 81. This
dynamic nature of the head polypeptides may be responsible
for the variability of head length and extent of curvature
exhibited by isolated molecules in the electron microscope
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(Knight & Trinick, 1987).
In considering the structural changes that the myosin
cross-bridge must undergo to produce filament sliding, the
issue of the flexibility in the myosin structure is of
great importance. Perhaps the filament translation occurs
via small systematic distortions along individual cross-
bridges, rather than a rotation of the cross-bridge at the
actin-cross-bridge interface. There has been no direct
evidence to date which indicates the cross-bridges undergo
a rotational motion during the force generating process
despite numerous attempts to demonstrate such an event by
clever investigators using sophisticated techniques. The
lack of evidence for a rotational motion, and the fact that
there is evidence that the myosin head is quite a flexible
structure, capable of undergoing significant distortion, as
indicated above through such powerful and diverse
techniques as electron microscopy, saturation transfer
spectroscopy, and NMR, indicates that serious consideration
should be given to shape changes in the head of the myosin
molecule (such as a series of small systematic distortions
along the cross-bridge) as an alternative to the more
conventional head rotating hypothesis for the structural
event assumed to occur by the cross-bridge during the force
generating process.
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II.F. CONFIGURATION OF MYOSIN HEADS RELATIVE TO THE MYOSIN
FILAMENT: HEADS-OUT VS. HEADS IN.
Two types of configurations of the cross-bridges in
the myosin filaments have been observed in the electron
microscope as described by Offer (1987, see FIGURE12). If
myosin filaments are put down on an untreated carbon film
prior to negative staining, the myosin heads lie close the
filament shaft and are arranged with near-helical order,
giving rise to the "heads-in" configuration. In this
configuration, the S-2 region lies on the surface of the
filament shaft and the heads are at a defined angle,
presumably because they are interacting with the shaft.
Alternatively, if the myosin filaments are put down on a
hydrophobic surface, at least part of the 5-2 region of the
tails peels away from the filament shaft, and the heads are
disposed randomly as if they are in free myosin molecules,
giving rise to the "heads-out" configuration. Knight and
Trinick (1984) interpret this data as follows: if these two
conf igura t ions are in dynamic equ i 1ibr i urnI the high
affinity of a hydrophillic substrate for the heads
displaces the equilibrium towards the heads-out
configuration and traps the filaments in this form.
It is of importance, whether these two configurations
and the transitions between them occur under physiological
conditions. X-ray diffraction data of relaxed muscle
indicates that, averaged over time, the heads are fairly
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FIGURE 12. Diagram of the proposed transition between the
(a) heads-in configuration and (b) heads-out configuration
(modified from Offer, 1987).
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well ordered about the filament surface (H.E. Huxley &
Brown, 1967i Haselgrove, 1975; Hanson, 1968; Matsubara &
Elliot, 1972). It is reasonable to assume that a large
fraction of the myosin heads in these filaments must, at
any instant, be in the heads-in configuration. However,
given that the heads can attach to actin filaments over the
wide range of filament spacings that can occur as the
sarcomere length is altered, the myosin heads would
unlikely be permanently in this configuration. It
therefore seems an attractive possibility that in vivo
there is a rapid equilibrium between the two
configurations, even though the heads spend the majority of
their time in the heads-in configuration in relaxed muscle
(Offer, 1987).
Poulsen and Lowy (1983) have evidence to suggest that
in relaxed frog muscle some of the heads are in the heads-
out configuration through studies of the diffuse
scattering, around the origin of the X-ray diffraction
pattern. The diffuse scatter is superimposed on the layer
line system in the X-ray diffraction pattern. This
scattering is attributed to disordered myosin heads because
this scattering is approximately circularly symmetrical and
because in the rigor state it is much diminished. The
degree of diffuse scattering is dependent on sarcomere
length of the muscle. For instance, at long sarcomere
length, in the relaxed state, the diffuse scattering
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increases such that the relative intensities of the layer
lines and central scatter suggest that the populations of
ordered and disordered myosin heads are about equal.
Whereas, at shorter sarcomere lengths in the relaxed state,
the amount of central scattering suggests that the majority
of heads adopt the heads-in configuration, but with still a
signif icant minority of heads in the heads-out
configuration (Poulsen & Lowy, 1983).
Several investigators
temperature dependence of
have
the
demonstrated the
heads-injheads-out
configuration in mammalian skeletal muscle (Wray, 1987;
wakabayashi et al., 1988; Menetret et al., 1990; Rapp et
al., 1989, 1991; Lowy et al., 1991). In relaxed muscle,
regardless of the degree of overlap, lowering the
temperature from 240 to 4°C, there is a marked difference
in the changes observed in the X-ray patterns of mammalian
muscles (which normally operate at 37°C) and those of frog
and fish muscle (which normally operate at much lower
temperatures) . Wray (1987) originally reported that, at
lower temperatures I in the mammalian pattern the myosin
layer lines that are strong in the frog pattern are very
weak. Rapp et al. (1989, 1991) gave further evidence for
disordered heads in relaxed mammalian thick filaments at
lower temperatures, in that the ratio of intensities of the
[1,1] and [1,0] equatorial reflections is intermediate
between that of the frog relaxed and rigor states. The
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disorder demonstrated by the X-ray diffraction data
suggests that, unlike the case of frog (and fish) muscle,
the heads in rabbit muscle are disordered and lie some way
from the filament shaft, consistent with the heads-out
configuration. However, if mammalian muscle is examined at
temperatures more nearly resembling physiological, the X-
ray pattern resembles that of frog (and fish) relaxed
muscle in showing strong myosin layer lines, suggesting
that at this higher temperature the heads have undergone a
transition to the heads-in configuration.
When frog muscle enters the rigor state, the myosin
layer lines disappear completely, demonstrating the absence
of the helical order about the filament shaft that is
present in a relaxed muscle (H.E. Huxley & Brown, 1967).
At short sarcomere lengths, X-ray diffraction patterns of
rigor muscles give rise to different layer lines from those
seen in the relaxed state, and these different layer lines
result from the attachment of the heads to the actin helix
(H.E. Huxley & Brown, 1967). The disappearance of the
myosin layer line occurs at whatever length the muscle is
put into rigor, even if the muscle is stretched to non-
overlap (H.E. Huxley & Brown, 1967; Haselgrove, 1975).
Also, as mentioned above, the diffuse scatter increases
substantially in the rigor state at non-over lap relative
to the rigor state at full overlap. Therefore, a
transition occurs in the structure of the myosin head,
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whether or not it is able to bind actin, when the muscle
goes into rigor. This implies that the heads-in
conf iguration requires ATP and that in its absence the
heads-out configuration is favored.
ATPdependent changes in the myosin filament structure
have been directly observed in whole muscle by electron
microscopy of thin sections of rapidly frozen,
demembranated frog sartorius specimens (Padron & Craig,
1989) . In the absence of ATPf the non-overlap region of
the thick filaments shows heads which have moved away from
the thick filament backbone and lose their helical order
(consistent with the heads-out configuration), whereas in
the region of overlap with actin, there is an ordered,
rigor-like array
thin filaments.
of cross-bridges between the thick and
These results also suggest that the
presence of ATP is necessary for maintenance of the helical
array of myosin heads in the characteristic heads-in
configuration. The primary effect of ATP removal is that
most if not all the myosin heads undergo the transition
from the heads-in state to adopt the heads-out state. This
occurs independent of the presence of actin filaments, but
released heads that are close to an actin filament
subsequently form a new actin-based, ordered array.
Evidence relating the effect of divalent cations on
the radial position of the myosin heads on the filament
shaft (i. e. heads-injheads-out configurations) comes from
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two lines of experimentation: measuring the rate of cross-
linking of the heads and S-2 to the shaft by dimethyl
suberimidate, and hydrodynamic studies (Offer, 1987). In
the first line of study, proteolytic digestion of either:
1) the head-tail junction or 2) the light meromyosin-heavy
meromyosin junction of the cross-linked heads and 5-2 to
the shaft, is examined as a function of the decline in
cross-linking time of the myosin fragments on SD5
polyacrylamide gels. In synthetic filaments and
myofibrils, the rate at which the S-1 region of the myosin
molecules is cross-linked drops sharply as the pH is raised
from 7.4 to 8.0 (Ueno & Harrington, 1981, Reisler et al.,
1983), consistent with the heads moving away from the
surface as the equilibrium shifts from a predominantly
heads-in configuration at the lower pH to a predominantly
heads-out configuration at the higher pH. The effect of
this pH change on the position of the 8-2 region has been
studied by cross-linking rod filaments (Reisler et al.,
1983). Over the same pH range as suggested above, the rate
of cross-linking of 8-2 is halved, which implies that the
5-2 region is released and swings out from the shaft. This
may result from titration of ionizing groups on the shaft
or the S-2 region (or both) creating an increased
electrostatic repulsion between the S-2 region and the
shaft of the thick filament. Reisler et al.. (1983) and
Ueno et al. (1983) also found that this effect of the 5-2
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region swinging out from the shaft, at the higher pH
values, could be partially negated by physiological
concentrations of Mg2+, suggesting that Mg2+ may assist the
binding of S-2 to the filament shaft and counter the effect
of pH.
Hydrodynamic studies (Persechini & Rowe, 1984)
indicate that the sedimentation coefficient of synthetic
myosin filaments increases by 14% in the presence of 3 roM
Mg2+ (or ca2+). This ~s consistent with the heads being
more closely apposed to the filament shaft when these
cations are bound.
To summarize, these techniques have suggested that in
synthetic myosin filaments, muscle fibers without
membranes, or the live fibers, the filaments can adopt
either the heads-in or heads-out configuration. certain
techniques (X-ray diffraction, chemical cross-linking and
proteolysis, and hydrodynamic studies), described above,
have demonstrated that a transition between configurations
can occur. Taken together, these results are consistent
with a dynamic equilibrium of the myosin filaments between
heads-in and heads-out configurations, the position of
equilibrium being affected by degree of overlap with thin
filaments, pH, temperature, and divalent cation
concentration. Several of the rate constants of the
transitions mentioned above are as yet unknown.
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II.G. STRUCTURE OF PERIODIC DISPOSITIONS OF THE CONTRACTILE
PROTEINS IN MUSCLE AS DETERMINED BY X-RAY DIFFRACTION
II.G.1. Introduction: description of low-angle diffraction
patterns
Interpretation of the low-angle X-ray diagram from
vertebrate muscle, in terms of the periodic disposition of
the contractile proteins, was pioneered by Huxley and Brown
(1967) in their comprehensive analysis of X-ray diffraction
patterns from frog muscle in the resting, contracting and
rigor states. X-ray diffraction of an object gives
information about inherent periodic structural features of
the object. As mentioned earlier, vertebrate muscle is
quasicrystalline, with a parallel arrangement of filaments.
These filaments possess a periodic helical order. The
spatial periodicities are virtually constant, and most X-
ray diffraction studies have been directed towards
measurement of the intensities of the x-ray reflections,
which depend on the distribution of mass within the
crystallographic unit cell (this term is defined and
described below). The more intense reflections can be
studied on the millisecond time scale in intact muscle
which contains on the order of 1000 fibers. For smaller
preparations of demembranated fibers (ideally single fibers
so ATP depletion to the central fibers does not occur), the
time-resolution of X-ray studies is much poorer. The phase
of most of the x-ray reflections is unknown or at least
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uncertain, making the possibility of even a low-resolution
structural map from measured intensities difficult.
Therefore, a model structure for the cross-br idge is
required for quantitative interpretations in terms of
cross-bridge shapes, angles, and orientations.
Nevertheless, important information can be obtained
independently of such models, which is discussed below.
A low-angle X-ray diffraction pattern from frog
sartorius muscle in the relaxed state showing the
characteristic equatorial and layer line patterns caused by
the thick and thin filaments is shown in FIGURE 13a along
with a schematic diagram (FIGURE 13b), which shows
schematic representation the various contributions to the
total diffraction pattern. The muscle pattern is
conventionally displayed as though it were taken with the
muscle axis vertical. It consists of a series of spots
called reflections, and
vertical and horizontal
it is symmetr ica1 about the
axes, as is typical of fiber
diffraction patterns from cylindrical objects. The
vertical axis of the diffraction diagram from muscles is
called the meridian, which is related to the fiber axis
(i. e., in real space), and the horizontal axis is called
the equator (hereafter, the meridian is always set
vertically in the diagrams). In addition to reflections on
the meridian and equator, the diffraction pattern consists
of two sets of closely spaced layer lines which arise from
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FIGURE 13. (a) An X-ray diffraction pattern of a frog
skeletal muscle in the resting state taken using
synchrotron radiation (taken by K. Wakabayashi). (b)
Schematic representation of layer-line reflections in (a).
Thin lines are due to thin filamentsj thick lines are those
due to the thick filaments. TN denotes troponin
reflections, C a c-protein reflection, and Z a reflection
due to a square lattice of the Z disc (Taken from: K.
Wakabayashi & Amemiya (1991), In:Handbook On synchrotron
Radiation, pp. 608).
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the thin and thick filaments with different periodicities.
These layer-line systems have helical symmetries due to the
molecular transforms of the hel ical structure of the
filaments (Klug et al., 1958).
According to the diffraction theory of the helical
structure (Klug et al., 1958; Stubbs & Makowski, 1982) I
each layer-line reflection corresponds to the Fourier
transform of the projection of the electron density along a
particular helical track of pitch (nell) within the
filament, which is determined by the order of the Bessel
function (n) contributing to the reflection on the layer-
line number (1), and the basic repeats (e) of the
structures as determined from their axial spacings. Thus,
reflections on the zero layer line, or equator, correspond
to the transform of the electron density distribution of
the musc le proj ected along the fiber axis. Hence,
equatorial reflections give information about the
distribution of mass across the sarcomere. Th~y are
distinct reflections I each arising from a series of
reflecting planes of the hexagonal lattice in the cross-
section of muscle. The position of the reflections is
related to the interfilament spacing, while the intensity
depends on the mass distribution of the unit cell. The
meridional reflection correspond to the transform of the
electron density distribution of the muscle projected onto
the fiber axis. They provide information about axial
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periodicities and the electron density modulation along the
length of the filaments. The off-meridional reflections
are determined by the axial and radial positions of the
helical filaments, while the intensity is governed by both
the helical parameters and by the shape and position of the
constituent subunits in the filaments. The clearest
distinction between the two sets of layer lines in
vertebrate skeletal muscle arises from their characteristic
intensity changes when the muscle goes from the resting
state to the rigor state. For the sake of convenience,
these three distinct reg ions of the X-ray pattern (i. e. ,
equatorial, meridional, and layer line reflections) have
been separately described below.
II.G.2. x-ray diffraction patterns from relaxed vertebrate
skeletal muscle.
II.G.2.a. Equatorial reflections from relaxed VSM.
The equator is the term given to the horizontal axis
of the pattern. The reflections with the strongest
intensity in the X-ray diffraction diagram are those
recorded on the equator. Transverse cross-sections of
muscle fibers reveal that the thick and thin filaments,
particularly in the overlap part of the A-band, are
arranged in a double-hexagonal array (H.E. Huxley, 1957).
The transverse hexagonal disposition of the thick and thin
filaments is shown in FIGURE14. The unit cell is an
56
2,1 1,1 2,1 1,1
FIGURE 14. Diagram showing the different Bragg planes in a
transverse cross-section through the overlap part of the A-
band in vertebrate striated muscle. The unit cell and
crystal axis is marked by heavy lines forming a
parallelogram. The [1,0] planes are formed by the
horizontal rows of thick filaments. The distance between
successive [l,OJ planes is d10. The [1,1) plane in theunit cell has co-ordinate [1,1] on the crystal axis, the
[2,1] plane has co-ordinates [2,lJ, and so forth. (Modified
from Bagshaw, Muscle Contraction, Chapman and Hall Ltd. I
1982 i and Yu and Podololsky, in: Molecular Mechanisms in
Muscular Contraction, CRC Press, 1991).
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four adjacent thick filament, and within which is contained
equilateral parallelogram whose corners are centered on
two actin filaments aligned along the long diagonal of the
parallelogram (heavy lines). It is the plane created by
rows of this unit cell, called the Bragg planes, which give
rise to the equatorial reflections. Indicated in the
diagram are three Bragg planes, [1,0], [1,1], and [2,1] .
There is a well defined relation between dhk, the distance
between the (h,k] planes and dID' the distance between the
[1,0] planes.
dhk = d10 (h2 + k2 + hk)-~
The intensities of the [1,0] and [1,1] reflection can be
expressed as:
I[l,O] = {M(l,O) - A(l,O)}2
_ 2I[l,l] - {M(l,l) + 2A(1,1)}
where M and A are the scattering factors of the thick and
thin filaments in the respect ive planes (Elliott et a1.,
1963). In the relaxed state, when the myosin heads are not
attached to the thin filaments but rather centered around
the thick filament backbone, the M(l,O) term is larger than
the M(l,l) term, and the scattering factor of the thin
filament is small relative to that of the thick filament.
Thus, in the relaxed case, the I [1,0] is larger than the
1[1,1] intensity. When myosin heads are attached to the
thin filaments, as in the case of rigor or activated
5B
states, the M(l,O) term decreases from its relaxed value,
the M(l,l) term increases and the actin scattering factors
become larger. Thus one would predict an increase in the
I[1,1] and a decrease in the I[1,0] during rigor or
activated states, which is what is observed (H.E. Huxley,
1968; Haselgrove & Huxley, 1973; Podolsky et al., 1976;
Brenner & Yu, 1985).
II.G.2.b. Meridional reflections from a relaxed vertebrate
muscle
Apart from the equatorial reflections described above,
the X-ray diffraction patterns also contain a very
beautiful arrangement of meridional and off-meridional
layer line reflections, all of which are associated with
the axial periodicities in the sarcomere. Meridional
reflections provide information about transverse axial
periodicities along structures in the muscle. All of the
reflections on the meridian of an X-ray diffraction pattern
can be placed into one of two categories: 1) meridional
reflections arising from the subunit axial translational
repeats of the known helical parameters of both the thick
and thin filaments (and these can be predicted from the
known helical structure of both sets of filaments), and 2)
"forbidden reflections," or meridional reflections that are
present but not predicted from the helical parameters of
the th ick and thin filament. Some of the forbidden
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meridional reflections can be attributed to those
structures which are disposed in transverse planes (vs.
helical tracks) perpendicular to the longitudinal axis of
the muscle fiber (e.g. some of the thick and thin filament
accessory proteins) I while the origin of others of these
forbidden meridional reflections has not been unambiguously
determined (see schematic representation the of X-ray
pattern FIGURE 15).
The axial subunit repeat of the relaxed thick filament
in vertebrate muscle has a spacing of 143 A, and that of
the thin filament is at a spacing of 27 A. Accessory
proteins that form transverse planes perpendicular to the
longitudinal axis of the muscle fiber on the thick filament
include the 11 dense stripes seen in electron micrographs
of the A-bands of relaxed muscle at a spacing of between
430 A and 440 A (H.E. Huxley, 1967; Hanson et al., 1971;
Craig, 1977, Squire et al., 1982 also see FIGURE 16). The
most abundant contributor to these stripes is c-protein,
but other proteins are also known to contribute to the
densities of these stripes (e.g. H-protein, X-protein, and
F-protein; Offer et al" 1973; Craig & Offer, 1976; star et
al., 1985; Bennet et al., 1986). On the thin filaments of
vertebrate muscle, the regulatory protein troponin is
disposed in planes perpendicular to the long axis of the
sarcomere at intervals of approximately 385 A (Ohtsuki et
al., 1967).
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meridian
59A A6M6
M5
M4
143 A __ - -M3•429A M2
~370 A A1
equator
FIGURE 15. Schematic representation of the X-ray
reflections of relaxed, rest length, vertebrate skeletal
muscle. The layer lines from the myosin filaments are
labelled M1, M2, etc., and those from actin are labelled Al
and A6. Some of the so-called "forbidden" meridional
reflections are labelled m. Only the inner two equatorial
reflections are shown (modified from Squire, in The
structural Basis of Muscular contraction, Plenum Publishing
Co., 1981, pp. 272).
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FIGURE 16. Electron micrograph of a relaxed frog sartorius
muscle fiber displaying the 11 dense stripes of C-proteins
in the A-band on either side of the M-band (denoted by the
horizontal arrows on the left side of the figure). Note
that a portion of the density of these stripes also arise
from the diagonal tracks of myosin heads on the surface of
the thick filament (denoted by the diagonal arrows in the
overlap region of the sarcomere) I which are at the same
axial level as the C-protein. Final mag. X 72/400.
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Therefore, the predominant meridional reflections
(first order and higher) of the low angle X-ray diffraction
patterns of relaxed vertebrate muscle are:
MERIDIONAL
REFLECTION
1/430 J._-l
KNOWN STRUCTURES IN MUSCLE THAT GIVE
RISE TO THE MERIDIONAL REFLECTION
from C-protein and other thick filament
accessory proteins (this structure gives rise
to a forbidden reflection) .
1/385 A-1 from troponin on
structure gives
reflection).
the thin
rise to
filament (this
a forbidden
-II -11/143 1\ from the subunit axial repeat of the thick
filament.
i-11/27 1\ from the subunit axial repeat of the thin
filament.
II.G.2.c. Layer line reflections from a relaxed vertebrate
muscle
X-ray diffraction patterns from muscle contain two
sets of layer line reflections, corresponding to the
helical structure of of the thin and thick filaments.
There are two systems for naming the layer lines: one
involves simply counting the observed lines starting at
zero on the equator, and the second one refers to the
layer-line index based on the crystallographic indices of
the muscle (as was the case for the unit cell of the Bragg
planes in the equatorial reflections). Thus, the first
myosin layer line reflection with intensity at 1/429 A-l
could also be identified as indexing at the following
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crystallographic indexes: [1,0,1) , [1,1,1) , [2,0,1),
[2,1,1], etc., where the third number in the ser ies
indicates the layer line number. Note that the meridional
intensity on any particular layer line can be interpreted
either as a layer-line component or as a true meridional
component i these interpretations are equivalent. Also,
technically it is correct to interpret the equator as the
zero layer line (Haselgrove, 1983; K. Wakabayashi &
Amemiya, 1991).
For convenience, the two sets of layer lines are
considered separately, although separate indexing of the
two sets is not always reasonable (K. Wakabayashi &
Aluemiya, 1991). It was first described by Huxley I and
Brown (1967) and later confirmed by Haselgrove (1975) that
the relatively weak layer lines with spacings that are
orders of 360-370 A (including the 51 & 59 A reflections),
originate from the thin filaments. This system of layer
lines has a strong meridional reflection at 1/27 A-1,
corresponding to the subunit axial repeat of the thin
filament.
The other system of layer lines, associated with
spacings that are orders of 429 A axial repeat, originate
from the helical array of myosin projections (i.e. myosin
heads) of the myosin filament (H.E. Huxley & Brown, 1967).
This series of layer lines appear like breastbones in the
region inside the 59 A actin layer line (Wakabayashi &
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Aroemiya, 1991). strong meridional intensities are present
on layer lines 3,6,9 etc., in contrast to all of the other
layer lines which have greater intensity off the meridian
(see FIGURE 13).
II.G.3. X-ray diffraction patterns of vertebrate muscles
in the rigor state
In vertebrate skeletal muscles, there are several
lines of evidence suggesting that the rigor state is
associated with all myosin heads forming attachments with
actin (H.E. Huxley & Brown 1967; Haselgrove & H.E. Huxley,
1973; Cooke & Franks, 1980; Lovell and Harrington, 1981;
Thomas and Cooke, 1980; Poulsen & Lowy, 1983). Assuming
most myosin heads are attached during rigor, a rigor cross-
bridge could appear as double headed (i.e. both heads from
the same myosin molecule or possibly two heads from
adjacent molecules in the same crown) or single headed. In
vi tro actomyosin interactions in the absence of ATP has
shown that the two heads of a single myosin molecule can
either bind separate actin filaments (Offer & Elliot, 1978;
Trinick & Offer, 1979), giving what has been called a
"double filament interaction" (Bard et al., 1987), or they
can interact with a single filament (Craig et al., 1980)
resulting in a "single filament interaction.II The cross-
bridges resulting from these two types of interactions
contain either a single or a double head, respectively, and
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are thus called single- and double-headed cross-bridges
(Bard et al., 1987). The possibility of such binding in
rigor fibers has been discussed in detail (Offer & Elliot,
1978), however, it appears in the majority of cases the two
heads of each myosin are bound to the same actin filament
(Taylor et al., 1984; Bard et aI, 1987).
Although rigor can hardly be said to be a normal
physiological state (i.e. it occurs at when a muscle is
brought into a state of ATP exhaustion and assumes the
state of rigor mortis), it is reversible in the sense that
upon the addition of ATP, the rigorized muscle will relax,
in the absence of calcium. with the addition of ATP in the
presence of calcium, the rigorized muscle will actively
contract. From this point of view, the rigor state is of
significant importance since some or all of the cross-
bridges in a rigor muscle could have a conf iguration
corresponding to one of the steps of the cross-bridge cycle
(Lymn & Taylor, 1971; see FIGURE 2). As a result, the
meridional and layer line reflections of the x-ray pattern
from rigor muscle could be used as a reference for
interpretation of the meridional and layer line reflections
from contracting muscle.
When a muscle is put into rigor, a drastic intensity
change is seen in both sets of layer lines; the layer lines
due to the thick filaments are greatly weakened and those
due to the thin filament are greatly intensified (FIGURE
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17). Thus in the rigor state, the thick filament pattern
has significantly less feature relative to that of the
relaxed state. The change is interpreted to mean that most
myosin heads become attached tightly to the thin filaments
with destruction of their original ordering, as a result of
forming cross-bridges (Haselgrove, 1972,1975; Huxley, H.E.,
1972; H.E. Huxley & Brown, 1967). The reflections which
disappear in the transition to the rigor state arose solely
from the myosin head parts. The weak meridional
reflections remaining in the rigor state come mainly from
the tail parts of the myosin projections and also from the
backbones, with preservation of the original symmetry. The
actin layer lines at spacings that are orders of about 360-
370 A all become much stronger than in patterns from
relaxed muscle. Furthermore, the new set of intense layer
lines (relative to that in the relaxed state) with the same
axial spacings as in the relaxed state (366 A, 241.8 ~,
186.4 ~,and 144.5 ~) appears in the diffraction patterns
(Haselgrove, 1975), but with a radial profile in which a
shift of the center of intensity of the reflection towards
the meridian occurs, relative to that in the relaxed state.
This indicates that extra material is labelling the outside
of the thin filaments (H.E. Huxley & Brown, 1967; LOwy &
Vibert, 1972; Vibert et al., 1972). The new intense layer
linesI seen in the rigor muscle I do not appear when a
muscle is stretched to non-overlap length before entering
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FIGURE 17. (a) X-ray diffraction diagram, and (b)
schematic representation of the principle X-ray reflections
from frog sartorius muscle in rigor (at rest-length). The
relaxed layer lines have disappeared I replaced by a new
series of intense layer lines, indexed on a 360-370 ~
spacingl arising from cross-bridges attached to actin. Theshort arrow, in (a) indicates the 59 ~ actin layer line and
the long arrow indicates the 360 ~ layer line. In (b) the
spacings of the myosin reflections are indicated on the
right of the schematic representation, and the spacings of
the actin reflections are indicated on the left. Only the
two inner equatorial reflections are shown. The
meridionals from the thin filaments at 27.3 ~ and 385 ~1
have been omitted. (The X-ray diffraction pattern is
courtesy of Dr. K. Wakabayashi, and the schematic
representation is courtesy of Dr. J.e. Haselgrove).
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the rigor state (Haselgrove, 1975; H.E. Huxley & Brown,
1967), a~d this indicates that the layer lines arise from
those cross-bridges attached to the actin filaments.
The ratio, I[l,O]/I[l,l]' of the two equatorial
reflections decreases when vertebrate striated muscle
passes into rigor (Elliot et al., 1963; Haselgrove &
Huxley, 1973; Huxley, H.E., 1968), indicating that the
cross-bridges have moved laterally from the vicinity of the
myosin filament to that of the actin filament (Haselgrove &
Huxley, 1973; Huxley, H.E., 1968). Further support for the
lateral movement of cross-bridges from the thick filament
to the thin filament is demonstrated in electron
micrographs of transverse sections of rigor muscle (Huxley,
H.E., 1968). The movement certainly has a radial component
away from the axis of the myosin filament to that of the
actin filament and probably has an azimuthal component
around the myosin filament as well (Haselgrove et al.,
1976; Lymn, 1975). Fourier synthesis using equatorial
intensity data indicate that the mass transfer from the
thick-filament region to the thin-filament region in the
transition to the rigor state corresponds to almost the
total mass of the myosin heads in the relaxed state
(Haselgrove & Huxley, 1973), as further evidence that all
myosin heads are bound to actin in the rigor state.
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II.G.". x-ray diffraetion patterns of actively
eontracting vertebrate musele.
II.G.".a. Introduetion to the x-ray diffraetion
pattern of isometrieally eontraeting musele.
Hanson and H.E. Huxley (1955), A.F. Huxley in the 1957
cross-br idge theory, and H.E. Huxley (1969) have all
suggested that during contraction cross-bridges interact
with actin as independent force generators, undergoing
cycles of attachment, force generation and detachment,
which ultimately results in the sliding of the filaments
past one another. Because the X-ray pattern gives
information about the space-averaged structure I which is
also averaged over the recording time, the patterns for a
muscle in full isometric contraction would not provide much
detailed information about the individual steps of the
cross-bridge cycle due to the broad distr ibution of
structural states assumed by the asynchronous cross-bridges
during steady state contraction. However, low angle X-ray
diffraction patterns of muscles in the steady state
condition have several features which are distinguishable
from diffraction patterns of the other two most studied
steady state conditions, those of relaxed and rigor muscle
(see FIGURE 18).
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FIGURE 18. (a) x-ray diffraction diagram, and (b)
schematic representation of the principle X-ray reflections
from frog sartorius muscle in an isometric contraction (at
rest-length). Note the layer lines arising from the myosin
cross-bridges are weak relative to the relaxed state (see
FIGURE 13). The arrow in (a) indicates the 59 A actin
layer line reflection. In (b) the spacings of the myosin
reflections are indicated on the right of the schematic
representation and the spacings' of the actin reflections
are indicated on the left. Only the two inner equatorial
ref lections are shown. The mer idional from the thin
filaments at 27.3 A, together with the forbidden
meridionals from the thick filaments have been omitted.
(The X-ray diffraction pattern is courtesy of Dr. K.
Wakabayashi, and the schematic representation is courtesy
of Dr. J.e. Haselgrove).
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II.G.4.b. The myosin reflections in isometrically
contracting muscle
The spacings of the reflections in patterns from
active muscle are not very different from those in patterns
from the same muscle at rest, except for a 1-3% increase in
axial spacing of the meridional reflections indexed to 3n
orders of the 429 A repeat (Haselgrove, 1975), up to the
24th one (although the 18th and 21st reflections disappear,
Amemiya et al., 1987). These meridional reflections also
show an intensity increase, indicating a strong
contribution of the myosin projections to these
reflections. The increase in axial spacing of the
meridional reflections, on the other hand, suggests that a
structural change is taking place within the backbone; the
transition may be from a perturbed structure to a regular
one (Yagi et al., 1981).
The 145 A meridional reflection shows a biphasic
•response during the transition from the resting state to
the active state (Huxley et al., 1981,1983; Yagi &
Matsubara, 1978); it rapidly decreases in intensity during
is generated. The phase of rapid decrease in intensity of
the 145 A meridional intensity coincides with the periods
the onset of tension, and recovers again while full tension
when muscle sarcomeres show considerable motion (Carlson et
al., 1972); therefore longitudinal filament disorder in the
moving muscle as well as specific cross-bridge motions may
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govern the intensity of reflection (Huxley et al., 1981,
1983) • The 145 ~ meridional reflection when integrated
laterally across the entire reflection, at maximum
isometric tension, increases by 50-200% (H.E. Huxley et
aL, I 1982; K. Wakabayashi et al., 1991; Poole et a1.,
1991), relative to this reflection's intensity from a
relaxed muscle. The time course of intensification of the
145 ~ meridional reflection roughly follows that of tension
development (H.E. Huxley et al., 1982; Bordas et al.,
1991) • Several investigators have also found that at the
peak of isometric tension, in activated vertebrate striated
muscle, the 145 A reflection broadens across the meridian
by a factor of 2 (Huxley et al., 1982; Amemiya et al.,
1987; Bordas et al., 1991; Wakabayashi et al., 1991;
Harford et al., 1991; Poole et al., 1991), suggesting a
diminished axial coherence between neighboring myosin
filaments. The intensification of the 145 ~ meridional
reflection is in contrast to the intensities along the
myosin layer lines (at 429 ~, 216 A, etc.) which drop to
about 20% of their resting value (Huxley et al., 1983 ;
Kress et al., 1986 i Amemiya et al., 1987; Bordas et a1. ,
1991; Yagi, 1991) indicating that most of the myosin heads
are no longer ordered along helical tracks about the thick
filament shaft (Elliot et al., 1967; Haselgrove, 1975;
Huxley, 1979; H.E. Huxley & Brown, 1967; Huxley et at.,
1980; Huxley et al., 1983). The time course of the drop in
73
the intensity of the myosin layer lines is about 50% faster
than the intensification of the 145 A meridional
reflection, and hence faster than tension development, by
about (H.E. Huxley et al., 1982; Kress et al., 1986; Bordas
et al., 1991; note that: t~ (tension development) = 40-50
msec after stimulus and t~ (decrease in myosin layer line
intensity) = 20-25 msec after stimulus).
II.G.4.c. Equatorial ref lect ions in isometrically
contracting vertebrate muscle
Significant changes occur in the relative intensities
of the [1,0] and [1,1] reflections on the equator of the
diffraction pattern from isometrically contracting
vertebrate muscle (Elliot et al.,1967; Haselgrove & H.E.
Huxley, 1973; Matsubara et al., 1975; Haselgrove et al.,
1976; Yagi et al., 1977). The relative intensity
I[1,0] /I[1,1J in patterns from muscles at rest length
changes from about 2.5 for relaxed muscle to about 0.6-0.3
for active muscle to about 0.25 in rigor muscle (H.E.
Huxley, 1968; Haselgrove & H.E. Huxley, 1973; Harford et
al. I 1991; K. Wakabayashi & Amemiya, 1991; for comparison
of diffraction patterns for these three states see FIGURE
19). In both active and rigor muscle, the decrease in the
intensity of the I[1,O]/l[l,l] results from two different,
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FIGURE 19. Comparison of the schematic representation of
the low-angle X-ray diffraction patterns from frog
sartorius muscle in the three different states. Only the
two inner equatorial reflections are shown. The spacings
of the myosin reflections are indicated on the right of the
diagram and the spacings of the actin reflections are
indicated on the left. (a) Relaxed pattern. The
meridionals from the thin filaments at 27.3 1 and 385 A,
together with the forbidden mer idonals from the thin
filaments have been omitted. (b) The rigor pattern which
is dominated by actin-type layer lines. (c) Pattern from
contracting muscles. (courtesy of Dr. J.e. Haselgrove).
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and independent processes of intensity change; there is an
increase in the 1[1,1]' and a decrease in the 1(1,0)·
Fourier analysis of the equatorial data (Matsubara et al.,
1975) reveals that the amount of mass transfer from the
thick-filament to the thin-filament region is a large
fraction of the mass transfer in the rigor muscle, where it
is thought that all the heads are attached to the actin
filament. This indicates that most of myosin heads are in
the vicinity of the thin filaments during contraction.
At increasing sarcomere lengths the I[l,0)/I[1,1)
ratio gradually increases in patterns from muscles in all
three states, so that it is important to compare results
from muscles at the same length. The movement of cross-
bridges does depend on their ability to interact with
actin; the myosin layer-line pattern does not change if
muscles are activated at non-overlap lengths (Huxley et
al., 1980; Yagi & Matsubara, 1978; Yagi & Matsubara, 1980).
Furthermore, despite the fact that at non-overlap, muscles
no longer give a [1,1) reflection, the l[l,OJ on the
equator (under conditions of maximal activation at non-
overlap) has no significant change from that of the rest
condition at full overlap. Moreover, the 1[1,0) in muscle
activated at non-overlap does not change from the resting
intensity, at that same sarcomere length, even though a
large decrease was seen to develop rapidly in the same
preparations at shorter lengths (Huxley, 1979) .
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Nevertheless, when the filaments partially overlap, the
loss of the layer-line pattern seems to be greater than
that expected from the degree of over lap alone (H.E.
Huxley, 1972). There is no explanation for the phenomenon
yet, but positive cooperativity between cross-bridges on a
filament is a possibility (J.e. Haselgrove, 1983).
Finally, it should be noted that the time course the
equatorial changes, which occur in vertebrate muscle in the
transition from the resting to the active state, have been
reported as being faster than those of tension development
(H.E. Huxley, 1979; H.E. Huxley & Haselgrove, 1977;
Matsubara & Yagi, 1978). These changes roughly follow the
time course of the decrease in intensity of the myosin
layer lines, described in the last section (Harford &
Squire, 1990; Bordas et al., 1991; Poole et al., 1991; K.
Wakabayashi & Amemiya, 1991).
II.G.4.d. Actin reflections from isometrically
contracting muscle.
The changes in the diffraction pattern from the thin
filaments in isometrically contracting vertebrate muscle
are numerous, complicated and somewhat controversial among
the major investigators of muscle X-ray diffraction.
However, it is generally accepted that the layer line
reflections from the thin filaments in active muscle are
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distinctly clearer or more intense than resting muscle,
although no appreciable change occurs in either the axial
or radial positions (unlike the case of rigor where the
centroid of most actin layer lines shifts radially inward
toward the meridian). Thus reflections from a contracting
muscle are unique and distinct from those of either relaxed
or rigor muscle.
The strongest reflection from the thin filaments,
known as the 59 A actin layer-line (at an reciprocal axial
spacing of 1/59 A-1) . This layer line increases in
intensity, and moves closer to the meridian in rigor muscle
(H.E. Huxley & Brown, 1967; Amemiya, et al., 1987; Maeda et
al., 1988; Yagi & Matsubara, 1989; K. Wakabayashi et al.,
1991), and has been reported to increase in intensity
during contraction (Vibert et al., 1972; Haselgrove, 1975;
Matsubara et al., 1984; Amemiya et al., 1987; Maeda et al.,
1988; Yagi & Matsubara, 1989; K. Wakabayashi et al., 1991;
K. Wakabayashi s Amemiya, 1991; Popp et al., 1991). In
fact, K. Wakabayashi et ale (1985), and K. Wakabayashi &
Amemiya (1991) have found that the intensity increase of
the 59 A actin layer line, and that of the 51 A actin layer
line is very similar, or even greater, in the transition
from rest to active state relative to the intensity change
taking place in the transition from rest to rigor state.
Furthermore, all the actin layer lines increase in
intensity in the transition from rest to contraction
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(Amemiya et al., 1987i K. Wakabayashi et al., 1991) I with
the possible exception of the 360 A actin layer line at a
reciprocal spacing of 1/360 A-1 (H.E. Huxley et al., 1982;
Yagi, 1991; Bordas et al., 1991; K. Wakabayashi et al. I
1991). The most pronounced intensity increase of the actin
layer lines during isometric contraction occurs on the 180
A actin layer line at a reciprocal spacing of 1/180 A-1
(Haselgrove, 1972; H.E. Huxley, 1972; Kress, et al., 1986;
Amemiya et al., 1987; Maeda et al., 1988; Yagi & Matsubara,
1989; Popp et al., 1991). This reflection too, is found to
increase by a factor of 2.5 in the transition from the
resting to active state compared to the increase in
intensity from the transition of the resting to rigor state
(K. Wakabayashi et al., 1991). In addition, it should be
noted that the meridional reflections due to troponin: TN2
(389 A), TN4 (192 A) & TN6 (128 A) decrease to 52%, 16% &
5% respectively, on activation of vertebrate frog muscle
(Popp et al., 1991).
Thus, X-ray reflections arising from the thin
filaments change their intensity when skeletal muscle is
activated. These changes are caused by two structural
changes: 1) attachment of myosin heads to actin (H.E.
Huxley & Brown, 1967; Parry & Squire, 1973; Kress et al.,
1986; Amemiya et al., 1987; Maeda et al. I 1988; K.
Wakabayashi et al. 1991) and 2) by structural changes
within the thin filament itself including movement of
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regulatory proteins such as tropomyosin and troponin (H.E.
Huxley, 1971, 1972; Kress et al., 1986; Matsubara et al.,
1984; Amemiya, et al., 1987i Maeda et al., 1988; Yagi &
Matsubara, 1989; K. Wakabayashi et. al., 1991; Popp et al.,
1991). However , it is often difficult to determine the
relative contributions of these two structural changes. An
attempted to sort this out involves stretching the muscles
to long sarcomere lengths (including non-overlap), and
looking at changes in the actin reflections relative to the
changes in the reflections observed at short sarcomere
lengths (including full-overlap). Very little intensity
increase occurs in the 59 A reflection in muscle activated
at non-overlap. The behavior of the intensity change of
the 59 A reflection under the conditions of activation at
non-overlap, is similar to behavior of the intensity change
of the layer-line pattern due to the thick filaments as
well as the behavior of the intensity change of the [1,0]
equatorial reflection (as mentioned previously, Yagi &
Matsubara, 1980) for the conditions of activation at non-
overlap. On the other hand, the 180 A actin layer line
reflection always increases in intensity during activation
independent of the degree of overlap, but the amount of
increase is significantly less at non-overlap than at full
overlap (Popp et al., 1991; K. Wakabayashi & Amemiya,
1991). This indicates that both the structural change of
the regulatory molecules on the actin filament and the
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cross-bridge formation is necessary to see the full effect
of intensity change in the 180 A actin layer line
reflection during contraction of muscle at full overlap.
Popp et aL, (1991) found that about 60% of the maximal
intensi ty increase of the 180 $. actin layer line during
activation at full overlap was due to a conformational
change in the thin filament following ca2+ binding, and 40%
comes from attached myosin heads. On the other hand,
changes observed in the intensity of the 59 A actin layer
line in contracting muscle at full overlap result almost
exclusively from cross-bridge formation (as much as 91% of
the full intensity change, K. Wakabayashi & Amemiya, 1991).
Yagi & Matsubara (1989) developed models to determine
the movements of tropomyosin and troponin that would give
rise to the observed diffraction patterns of the thin
filaments during activation of highly stretched skeletal
muscle. Computer-modeling studies performed by this group
and others (Parry & Squire, 1973i Haselgrove I 1972; H.E.
Huxley, 1972) indicated that an increase in the 180 $. actin
layer line would occur by simply moving tropomyosin into
the groove of the thin filament, which in the relaxed state
is positioned much closer to one chain of actin monomers
than to the other (Haselgrove, 1972; H.E. Huxley, 1972;
Moore et al., 1970; Parry & Squire, 1973; Spudich et al.,
1972), and this result held for a plethora of models in
which the final rad ia 1 and a zimutha 1 pos it ions were
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systematically varied. However, of the numerous models
examined by Yagi & Matsubara (1989), with the various final
radial and azimuthal positions of tropomyosin, the majority
failed to explain the actual intensity decrease on
activation (in highly stretched muscle) of the 360 A actin
layer line. It was concluded by these authors that the
tropomyos in movement and other thin filament changes
associated with activation which give rise to a marked
intensity increase of the 180 A actin layer line, would
also produce a marked intensity reduction of the actin 360
A layer line. The explanation for this phenomenon is that
activation of the thin filaments moves tropomyosin in to
the groove of the thin filament, thereby producing a four
start helix relative to the two start helix (double helix)
of the thin filament in the relaxed state. Thus, the
activated thin filament has a new fundamental spacing on
which all the other actin layer lines would index, which is
at a 180 A interval, rather than at the 360 A interval of
the inactivated thin filament.
Furthermore, their models in which tropomyosin moved
into the groove of the thin filament did not affect the
intensity of the 59 A layer line, which as indicated above
is a marked departure from what is observed in the
diffraction pattern for this reflection at non-overlap
(i.e., a 9% increase in the integrated intensity relative
to the resting state). It was therefore concluded that
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changes in shape or orientation of the actin subunits
themselves, may be responsible for at least part of the
intensity change, such as the decrease in the 360 A actin
layer line and the intensification of the 59 A actin layer
line.
The time course of intensity increase of the 180 A
actin layer line at full overlap is faster than the
intensity changes of the myosin layer lines and equatorial
reflections (Kress et al., 1986; Bordas et al., 1991j K.
intensity
& Amemiya, 1991). In fact, upon activation,
actin layer line ref lection increases in
faster and reaches maximum intensity slightly
Wakabayashi
the 180 A
earlier than the intensity increase of the 59 A reflection
both of these changes occur before the tension reaches its
peak (Kress et al., 1986; Maeda et al., 1988; Bordas et
al., 1991; K. Wakabayashi & Amemiya, 1991, Popp et al.,
1991) . These results suggest that the main structural
changes that take place on the thin filament proceed faster
on the average than those that occur in the thick filaments
during activation.
The difference between the thin filament reflections
from a rigor fiber and those from a contracting fiber have
been well established (H.E. Huxley & Brown, 1967;
Haselgrove, 1975; Matsubara et al., 1984; Amemiya et al.,
1987'; K. Wakabayashi et al., 1991). In rigor muscle, the
diffraction pattern gives ladder-like layer lines indexed
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on the thin filament helical periodicity, with a strong 360
A actin layer line. Also the actin layer line intensities
from rigor muscle are, in general, greater than in the
contracting muscle, and most of the peaks are shifted
towards the meridian, indicating a larger radius of the
thin filament in real space (presumably due to the
labelling of the cross-bridges along the helical tracks of
the thin filament I H.E. Huxley & Brown I 1967; Vibert et
al., 1972; Wray et al., 1978; Namba et al., 1980; Holmes et
al., 1980).
H.E. Huxley et a1. (1982) and other groups
investigating muscle structure with X-ray diffraction were
puz zled by the fact that they could not detect an
intensification of the 360 A actin layer line in actively
contracting frog muscle (at full overlap). The very strong
145 A meridional reflection observed in contracting muscle
was attributed by H.E. Huxley et al., (1982) to attached
cross-bridges which are not distributed over a very wide
range of tilt angles. Therefore, some actin-based off-
meridional diffraction pattern would be expected, as would
an intensification of the 360 A actin layer line.
Unfortunately, much of the X-ray diffraction data from the
early 1980's was done using one-dimensional (1-0) position-
sensitive counters to record the X-ray diffraction
patterns. These 1-D detectors could be placed along a
layer line perpendicular to the meridian or along line
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parallel to the meridian, and perpendicular to the equator.
Thus these detectors could not collect a single two-
dimensional (2-D) X-ray diffraction patterns from the
muscle specimens.
with improved technology, however, the relatively weak
and diffuse nature of the actin layer lines has been
recorded by several groups using 2-D detectors. (K.
Wakabayashi et al., 1991; Yagi, 1991; Bordas et al., 1991).
One type of 2-D detector, the storage-phosphor screens
(Fuj i imaging plates), was developed by Sonoda et a1. ,
(1983) and have been used by yagi (1991) and K. Wakabayashi
et al. (1991). This storage-phosphor screen has a two-
dimensional resolution with a sensitivity similar to that
of position-sensitive counters and a spatial resolution
similar to that of films (Yagi, 1991). Several authors
have reported that the 429 A myosin layer line not only
decreases to 20% of its resting intensity during
contraction, but also the peak intensity of the 429 "'-
myosin layer line apparently shifts to the lower axial
spacing of 1/400 A-I (H.E. Huxley et al., 1982; Amemiya et
al., 1987; Bordas et al., 1991; Yagi, 1991; K. wakabayashi,
1991; Harford et al. 1991). Yagi (1991) determined that
this shift of 429 A myosin layer line to a lower axial
spacing, actually represents two distinct layer lines which
are difficult to resolve from one another. The two layer
lines that combine to form the single intensity at the
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reciprocal spacing of 1/400 A-1 are the 360 ~ actin layer
line and the 429 A myosin layer line. Yagi arrived at this
conclusion by fitting the intensity profile of the apparent
single reflection at 1/400 A-I to two Gaussian functions to
simulate the intensity profiles of two independent layer-
lines, each with their peak intensity at 1/360 ~-l and
1/429 A-1, at brackets of two different radial positions
from the meridian. The inner radial position is between
0.003 ~-1 to 0.008 A-I and the outer radial position is at
0.008 A-1 to 0.014 A-I. Yagi determined with these fits
that the 360 A actin layer line intensifies 5 fold at the
inner radial position and the same layer line decreases
intensity by 3 fold at the outer radial position, where as
the 429 A myosin layer line was found to decrease at both
radial positions. Yagi suggests that the intensification
of the 360 A layer line was not observed previously because
measurements of the intensity change were not made
sufficiently close to the meridian. Alternatively, perhaps
the lower spatial resolution of the position-sensitive
counter used in the earlier study and the high background
made it difficult to measure the peak (Yagi, 1991). It
must be noted, however, that other investigators using
identical technology as Yagi, (K. Wakabayashi, et aL.,
1991, Bordas et al., 1991), and executing seemingly
identical experiments have not reported an unambiguous
intensification of the 360 A actin layer line. On the
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other hand, Harford & squire (1992) very recently reported
an intensification of the 360 A actin layer line reflection
upon activation of vertebrate teleost muscle.
issue remains controversial in the literature.
Thus, this
II.G.5. structural implications of the changes in the
X-ray diffraction patterns from contracting muscle during
mechanical transients.
The asynchronous nature of the sum total of the cross-
bridges in an actively contracting muscle makes it
difficult to obtain information about individual cross-
bridge structural states during the cross-bridge cycle.
It is possible to achieve a partial synchronization of the
cross-bridges during their working stroke by applying very
rapid changes in length, complete in less than one
millisecond to an otherwise isometrically contracting
muscle (A.F. Huxley & Simmons, 1971). When a rapid release
(in less than a millisecond) is applied to an active muscle
fiber the force decreases during the step, then a rapid
partial recovery occurs over the next few milliseconds.
The rapid recovery is thought to result from nearly
synchronous execution of the elementary force-generating
process in the attached state (A.F. Huxley & Simmons, 1971;
Ford et al., 1977; Irving et al., 1992). As a result, one
might predict that this rapid length perturbation should
bring about a transient but significant redistribution of
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cross-bridge states, which would show up in the X-ray
diagram. Measurements of the kinetic changes in the
pattern after such length perturbations have now been made
with millisecond time resolution (Huxley et al., 1981,
1983,; Irving et al., 1992). These grorips observed that
when a release of about 100 A per half sarcomere, like the
one described above, is imposed on a contracting muscle,
there is a dramatic fall in the intensity of the 145 A
meridional reflection to about 20% of its isometric value,
then partially recovers over the next few milliseconds,
paralleling the time course of tension recovery. This
process can be repeated by apply ing a staircase of
shortening steps (Lombardi et al., 1992). When short steps
are applied at 20 ms intervals, a steady state is attained
in which rapid force recovery of about 80% of that in the
first step, followed by a slower recovery phase. Thus,
within this 20 ms interval between steps the "elementary
force-generating process" is complete and has the ability
to be repeated (Lombardi et al., 1992). with this type of
protocol, Irving et a1., (1992) showed that the intensity
decrease of the 145 A meridional reflection has
approximately the same time course as the rapid force
recovery (the elementary force-generating process). After
rapid force recovery, the 145 A reflection recovers with t~
2
= 8 ms for short steps (~ 60 A), which is comparable to the
half time for recovery of the elementary force-generating
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process (i.e., 5 ms, Lombardi et al., 1992). The recovery
of the 145 A meridional reflection is thought to be due to
cross-bridges which have cycled through their working
stroke, during the elementary force-generating process,
detached, and reattached in a state capable of undergoing
the elementary process again (H.E. Huxley, 1983j Lombardi
et a1., 1992).
The changes observed in the X-ray diffraction pattern
indicate, presumably, that structural changes in the cross-
bridges occur at the distal end of the cross-bridge, which
is moving with actin, while the proximal end remains at the
same axial level during these changes. However, even with
this information, the details of the putative structural
change(s) of the cross-bridge that is (are) associated with
the elementary force-generating process are lacking. Thus,
although the overall moving cross-bridge mechanism still
seems to fit the evidence, other techniques such as ultra-
rapid freezing for electron microscopy, will probably have
to be employed to elucidate the structural alterations in
the cross-bridge during the working stroke (A.F. Huxley I
1992) •
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II.H. OPTICAL DIFFRACTION PATTERNS: A SURVEYING TECHNIQUE
TO DETERMINE THE PRESENCE OF PERIODIC STRUCTURES IN
ELECTRON MICROGRAPHS.
Optical diffraction is a technique in which a Fourier
transformation of an transparent object is accomplished in
an analogue fashion, with a lens. The device to perform
such a task is called an optical diffractometer. This was
originally developed for use in x-ray crystallography
(Taylor & Lipson, 1964). Its first application to electron
micrographs by Klug and Berger (1964) started the
quantitative phase of micrograph image analysis, and has
since remained the most important analogue device (Moody,
1990).
The principle of an optical diffractometer is simple.
A lens illuminated by a monochromatic, coherent beam of
light, such as a laser, parallel to the lens axis, gives a
sharp focal spot on that axis (see FIGURE 20). If a
diffraction grating is introduced into the parallel beam
before the lens, a diffraction pattern is created from the
diffracted beams of light, at the focal plane of the lens,
due to the reinforcement of scattered waves from the
diffraction grating. The regions Of constructive
interference occur in the diffraction pattern at angles
that are reciprocally related to the spacing of the
grating, i. e. the angles are proportional to the spatial
frequency. Consequently, the diffraction pattern at the
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FIGURE 20. Elements of an optical diffractometer with ray
tracing for the diffractometer in the diffraction mode (a)
and the imaging mode (b). (a) Diffraction mode. Parallel
coherent light from a laser were focused onto a pinhole
which excludes non-coherent light. Plane parallel beams
were diffracted by the specimen and brought to a focus on
the right by a diffraction lens. Each diffracted beam was
brought to a different focus at the same focal plane,
called the image plane. The diffraction pattern produced
at the focal plane of the diffraction lens was either
"recorded on film or viewed by means of the eyepiece on the
camera. (b) Imaging mode. Afield lens was inserted in
the optical path. This lens is set to produce an image of
the subject at the focal plane of the field lens. (From
Moody, in: Biophysical Electron Microscopy, Academic Press,
1990; and Harburn, Taylor & Welberry, Atlas of Optical
Transforms, Bell Ltd., 1975).
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focal plane is essentially a plot of the spatial
frequencies of the grating. Therefore, replacing the
diffraction grating with any transparent object (even if
non-periodic) results in a diffraction pattern which is a
plot of the spatial frequencies of the transparent object.
This pattern called the optical diffraction pattern, or
optical transform of the transparent object gives the
intensity of the diffracted light; the relative phases of
the spots are lost. An optical diffraction pattern, like
the one described above, can be considered the optical
analog of an x-ray diffraction pattern from a two-
dimensional projection of an arrangement of atoms. A
micrograph could be used as the two-dimensional object 1n
the diffractometer, and if the micrograph had periodic
information I then that periodic information would be
contained in the diffraction pattern resulting from its
optical transform. One could determine the periodicities
in the micrograph from the geometry of diffraction.
Analysis of electron micrographs by this method has long
been applied successfully for studying muscle
ultrastructure (e.g. Reedy, 1967; H.E. Huxley, 1968; etc.).
11.1. MODELS FOR THE MECHANISM OF FORCE PRODUCTION
Several theories have been put forth which propose
processes that are able to generate force or motion between
two interdigitating sets of filaments (see review
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discussion of these theories in A.F. Huxley, 1974, 1980).
The structural basis of muscle contraction proposed by
Hanson & H.E. Huxley (1955), was put into mathematical
formalism by A.F. Huxley (1957) and called the cross-bridge
theory of muscle contraction, and later expounded upon by
H.E. Huxley (1969), has received the most general
acceptance as a model for the mechanism of force
production. The famous electron micrographs of H.E. Huxley
(1953, 1957) provided the structural basis for the cross-
bridge theory of muscle contraction. These micrographs
reveal equally spaced side-projections along the thick
filament which were first observed in the electron
microscope by H.E. Huxley (1953), named "cross-bridges" by
H.E. Huxley (1957) and found to be the heads of the myosin
molecule (H.E. Huxley, 1963). In addition, the primary
physiological observation that led to the proposal of the
cross-bridge theory, was put forth first by Ramsey and
street (1940) (and later corroborated Gordon et al. in
1966), who found the linear relation between max i mum
isometric force and filament overlap at sarcomere lengths
above 2.2 ~m in frog, or corresponding sarcomere lengths in
other species. This observation, also noted by A.F. Huxley
and Niedergerke (1954), was interpreted by this latter
group as cross-bridges, then termed "side-pieces, II being
the IIforce generators, acting independently, and each
producing a sliding force in the shortening direction."
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Later, observations by A.F. Huxley & Julian (1964) and
Edman (1979) of the independence of the maximum unloaded
speed of shortening on filament overlap helped to further
confirm A.F. Huxley's proposal of cross-bridges acting as
independent force generators.
II.I.1. The Huxley 1957 Model
A.F. Huxley in 1957 proposed the a quantitative model
for the cross-bridge theory of muscle contraction from
simple assumptions about the kinetic properties of
individual cross-br idges (the word cross-br idge I then
termed "side-piece", is used in the Huxley 1957 theory to
denote a myos in head (an S-1), whether or not it is
attached to actin). The model's basic premise is that
force generation and filament sliding are accomplished by
the cross-bridges that cyclically attach to and detach from
the actin filaments. One key proposal in the Huxley 1957
model was that the cross-bridge is elastic and capable of
bearing both expansive and compressive strain. Force
generation was assumed to be concomitant with cross-bridge
attachment, in which the cross-bridge pulls the actin
filaments in the direction of muscle shortening. The
energy source to fuel the cycle of cross-bridge attachment,
force production, and detachment in this model is provided
by the hydrolysis of an ATP molecule. The amount of force
generated by a cross-bridge is a linear function of cross-
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bridge strain. The vectorial nature of force production
was accommodated by Huxley, in the theory, by making the
rates of attachment and detachment of cross-br idges
sensitive to position.
The rate constants for these two processes were
believed dependent on the relative axial positions of the
cross-bridges and the actin-based attachment sites. In
this model, f describes the rate constant of attachment to
actin and the rate constant for detachment from actin 1S
descr ibed by g. Attachment is faster than detachment in
regions where cross-bridges generated positive tension
(this detachment rate constant is designated gl)' but
detachment would be much faster from positions in which the
cross-br idges exerted a force opposed to the norma 1
shortening motion (this detachment rate constant is
designated as g2)' Cross-bridges could not attach directly
in positions that exerted negative tension, and could reach
such positions only through sliding of the filaments
relative to each other during shortening. Based on the
val ues chosen by Irving (1987) f or the attachment and
detachment rate constants (f z 30 -1s I
120 S-l), th d 1 A Fe mo e •. Huxley proposed quantitatively
accounts for the mechanical and energetic properties of
muscle known in 1957. In fact, the model demonstrated that
even a quite simple cyclic mechanism can I in principle I
account for much experimental data. Nevertheless, Huxley's
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1957 model did not specify the structural properties and
the detailed chemical identity of its attached and detached
states. Furthermore, an important feature that the Huxley
1957 model does not predict was only discovered afterwards:
the fact that the rate of energy liberation has a biphasic
dependence on velocity, decreasing as velocity increases
towards its maximum value. This feature is qualitatively
inconsistent with the Huxley 1957 model, regardless of the
choice of rate constants, but can be accommodated if the
cross-bridge attachment rate can take place in two steps,
the first of which is reversible and does not commit the
cross-bridge to ATP splitting (A.F. Huxley, 1973).
II.I.2. Rapid mechanical transients
When rapid changes in load (Podolsky, 1960; Civan &
Podolsky, 1966) or length (Armstrong et al. I 1966; A.F.
Huxley s Simmons I 1971 i Ford et al., 1977) are applied to
the muscle, four phases can be discerned in the velocity or
tension response. For a rapid release (in less than a
millisecond) of a contracting muscle fiber by 0.6% of the
fiber length (similar to the release described in the X-ray
section II.G.S), the four discernible phases are described
as follows. In phase 1, the force falls from its isometric
value (To) to the minimum value of tension (T1) at the end
of the release. This is followed by the most rapid
recovery phase, phase 2 I in which a very rapid but
incomplete force recovery over the next 1-2 ms to a new
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force level (T2) occurs. During the next phase, phase 3,
the force is maintained approximately at the tension T2 for
some 10 ms, before the final slow recovery (phase 4) to the
isometric state, with a tension value TO·
The Huxley theory is not compatible with certain of
the phases in such transients. In particular the fastest
recovery phase, phase 2, would not be expected on the basis
of the Huxley 1957 model because its rate constant of about
1000 s-1 is an order of magnitude faster than both the
attachment and detachment rate constants. However, A.F.
Huxley & Simmons (1973) and Ford et al. (1981) have
concluded that all phases of the transients result almost
exclusively from the properties conferred on the muscle by
the cross-bridges. If the theory is modified so that the
attachment rate constant is fast enough to account for the
rate of phase 2 (Podolsky & Nolan, 1973), the model fits
the transients well, but the modifications make the model
less energetically favorable. Moreover, the adapted model
predicts a greater fraction of .cross+nr idges would be
attached during steady shortening than in the isometric
state, which also implies a greater fraction of attached
cross-bridges in a mechanical transient at the end of phase
2. However, it has been shown that the number of attached
cross-bridges (1. e. I stiffness of the fiber) falls to
between 20% and 40% of the isometric level during rapid
shortening (Julian & sollins, 1975; Julian & Morgan, 1981;
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Ford et al., 1985). Furthermore, very little change in the
stiffness is apparent at the end of phase 2, in fact, if
anything the data really suggest that at the end of phase 2
there is a slight decrease in the stiffness (A.F. Huxley &
Simmons, 1973; Ford et al., 1974).
II.I.3 The Huxley-simmons model
A.F. Huxley & Simmons (1971)I interpreted the two
fastest phases of the tension transients differently than
from the approach of podolsky & Nolan, (1973) . They
proposed that phase one resulted from an almost
simultaneous change in length of a linear elastic element
and that the rapid recovery of tension, during phase 2,
results from the rapid stepwise transitions between two or
three attached cross-bridge states. Thus, the Huxley-
Simmons model added one extra feature to the cross-bridge
representation used for the Huxley 1957 theory: the
attached cross-bridge head (S-l) can now take up a number
of different conformations. The transitions between these
conformations change the length of the elastic element and
thus force in the cross-bridge. These transitions would
tend to re-establish the original length of the elastic
element and therefore the original tension also.
The Huxley-Simmons model does not differ from the 1957
theory in the explanation of the steady-state properties of
muscle. The new feature, a force generating transition
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within the attached cross-bridge, can be made sufficiently
rapid to explain the mechanical transients. Activation
energy barriers between various states would depend in part
on the stress supported by the cross-bridge. Therefore
transitions would be faster when the force was low, such as
after a release, and slower after a stretch. The Huxley-
Simmons theory predicts that stiffness will be essentially
unchanged immediately following a step length change,
which, as described above, is substantiated by experiments
(Ford et aI, 1985).
II. 1.4. Energetic consider~tions of cross-bridge models:
The Eisenberg-Hill models
The Huxley 1957 model leads to energetic difficulties
in that for this model, force is generated as a result of
random thermal motions before cross-bridges attach to
actin. Since, however, thermal energy is small compared to
the energy required to stretch the elastic element, such
high force configurations would occur rather infrequently,
making it difficult to account for the observed speed of
some muscles. In the Huxley-Simmons model, on the other
hand, the cross-bridges can attach with no strain in the
elastic element and generate force subsequently by
transitions between attached states. But, the Huxley-
Simmons theory contains the assumption that there is a
sma 11 number diserete positions. of different bind ing
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energies, and a force-generating transition between two
such positions requires an activation energy that is at
least as large as the energy required to stretch the
elastic element. If only two stable positions of the
attached head are allowed, each position would be
associated with a deep potential well, and the activation
energy is large compared with thermal energy, leading to
the same quantitative difficulty as was encountered in the
1957 theory. This problem can be overcome if additional
stable positions are assumed which has the effect of
dividing the activation energy barrier into a series of
smaller jumps that might be made sufficiently rapidly at
thermal energies (A.F. Huxley & Simmons, 1971).
A new series of theories was then proposed by Hill,
Eisenberg and Greene. The theories considered under this
heading are those described by Eisenberg & Hill (1978),
Eisenberg et al. (1980) & by Eisenberg and Greene (1980).
These theories differ from the Huxley 1957 theory and the
Huxley-Simmons theory in one essential way: activation
energies in the Eisenberg-Hi 11 models are not simply
related to the degree of stretch of an elastic element, but
rather to the biochemical "state" of the attached head.
Therefore, instead of discrete positions of head binding,
Eisenberg and Hill proposed that each biochemical state of
the attached head could exist in a range of conformations.
In the Eisenberg-Hill theory, the position of minimum
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energy would be different for the various states, as would
the energy minimum itself, which is similar to the Huxley-
Simmons theory. However, instead of a narrow potential
well at each position, which is incorporated into the
Huxley-Simmons theory, the energy wells in the Eisenberg-
Hill theory are broad, so that a cross-bridge can take up
several nanometers of strain while remaining in the same
"state". Thus several desirable features become apparent
with such a model: 1) such a broad well acts I ike an
elastic element, 2) if the well has a parabolic shape the
elasticity is linear, 3) it becomes unnecessary to
postulate a structurally independent elastic element, 4)
there is no longer a large activation energy associated
with head rotation, 5) only two attached "states" are
required for a quantitative description of the transient
and steady-state mechanical properties (Eisenberg et al.,
1980), and 6) the kinetic and energetic aspects of the
cross-bridge cycle are related to those of actomyosin in
solution. This last feature is considered in the next
section.
II.K. BIOCHEMISTRY OF ACTOMYOSIN
II.K.l. The Lymn-Taylor scheme
In 1971 Lymn and Taylor developed a kinetic scheme
based on results of biochemical analysis of the actomyosin
ATPase using actin and water-soluble proteolytic fragments
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of myosin. Attempting to correlate the various chemica1
states of their kinetic diagram with the type of cross-
bridge cycle proposed by Pringle (1967) and H.E. Huxley
(1969), Lyrnn and Taylor proposed the cross-bridge cycle
similar to that presented in the introduction of this
thesis (also see FIGURE 2).
The basic features of the 1971 Lymn and Taylor cross-
bridge cycle are as follows: 1) hydrolysis of one molecule
of ATP is intimately linked to an oar-like cycle of co-
ordinated attachment, structural change, detachment and
return of the cross-bridge to the starting point. 2) The
elementary hydrolysis step can only occur while the cross-
bridge is detached from actin. 3) After initial attachment
(into a pre-force generating state), one or several
structural changes of the attached cross-bridge result in
force generation when the position of the filament is held
constant (isometric contraction) or filament sliding in the
shortening direction under isotonic contraction conditions.
4) When the muscle is shortening, a cycle of attachment,
movement and detachment, consuming one molecule of ATP, was
thought to induce relative filament sliding of up to 10-12
nm (Huxley & Simmons 1971, and Ford et al., 1977).
This biochemical cycle is attractive primarily because
it fits the basic postulates of the cross-bridge
hypothesis. Each cycle involves dissociation and rebinding
of actomyosin and hydrolysis of one ATP molecule. FIGURE 2
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shows one cross-bridge cycle which suggests the "power
strokeII is associated with release of hydrolysis products
and that ATP hydrolysis itself performs the role of
"recocking" the detached cross-bridge so that it can repeat
the power stroke. Clearly this scheme, in its simplicity,
has great appeal as an elegant explanation of
mechanochemical coupling, at the molecular level, in muscle
contraction.
II.K.2. Weakly and stronqly bound actomyosin states
Some key features of the biochemical scheme (Lymn and
Taylor, 1971) and its attempted correlation with a cross-
bridge cycle, however, turned out to be inconsistent with
more recent biochemical and mechanical results. Lymn and
Taylor's experiments were carried out at physiological
ionic strength, but at an actin concentration which is much
less than that in muscle, and certainly less than that
necessary to achieve full activation of the actomyosin
ATPase. Higher actin concentrations, on the other hand,
lead to the high viscosity of the resulting solutions.
However, if the ionic strength of the solution 15 lowered
the same low actin concentration now gives maximal
actomyosin ATPase activity. Measurements under such
conditions may provide a better model for the physiological
state.
Biochemical work done by Stein et al (1979I 1984) and
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Rosenfeld and Taylor (1984), at low ionic strength in which
ATP binding to actomyosin does not necessarily lead to
actin dissociation before ATP hydrolysis, showed that at no
point within the cycle of ATP hydrolysis is detachment of
cross-bridges from actin indispensable; the complete cycle
of hydrolysis can be passed through while a cross-bridge
stays attached to actin. Thus there is evidence in
solution that hydrolysis of ATP does not necessarily lead
to a co-ordinated cycle of attachment and detachment. In
this frame work, the reaction AM.ATP=>AM.ADP,Pi (see SCHEME
I which contains several of the elementary biochemical
steps of the actomyosin ATPase) contains two states in
which myosin is weakly bound to actin, and each state is in
rapid equilibrium with the corresponding myosin state
(M.ATP or M.ADP.P1) . The strongly bound states in the
cycle are AM.ADP and AM. One could, therefore, conceive of
a cross-bridge cycle which would classify the biochemical
state according to whether they were weakly bound or
strongly bound states. In fact, Eisenberg & Greene (1980)
proposed a cross-bridge model in which they emphasized the
difference between the weakly and strongly bound states and
suggested that these might correspond to two different
structures. The role of ATP binding, in such a model, is
now to return the cross-bridge to the weakly bound states
rather than to detach it. The power stroke is therefore
reversed while the cross-bridge is still attached to actin,
104
, ,
, I ,
ATP
I, I ,,Pi ADP ATP,
AM kAM.ATP -..---II". AM·ADP·Pj4AM.ADP --J... AM..&.., , ,
!t i U ~tl!t i
M ~ M·ATP ... .. M·ADp·Pj ~ M·ADP ~ M ... i ..
ATP: I Pi ADP I
, I I
, WEAK BINDING STATES I STRONG BINDING I
STATES
SCHEME I. Kinetic scheme of the in vitro elementary steps
of the actomyosin ATPase. "A" represents actin, "W' is
myosin subfragrnent 1. (Modified from Goldman & Brenner I
1987) .
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which could possibly result in a negatively strained cross-
bridge. This is not so unreasonabLe, since negative1y
strained cross-bridges have a high rate of detachment, and
hence would contribute relatively little to the mechanical
properties of the muscle.
Unfortunately, biochemical schemes like the ones that
have been discussed thus far, are not unique descriptions
of the data: extra intermediates could always be present.
Also, the kinetic parameters of actomyosin in muscle could
be different than that in solution for two reasons: 1) in
solution, attachment
bimolecular, where as
filaments are aligned
of a myosin head to actin lS
in muscle where actin and myosin
in an almost crysta 11ine array
attachment is generally considered a first-order process,
and 2) in muscle the rates of corresponding transitions may
depend on cross-bridge strain, which would be absent in
solution. Therefore, strain dependent intermediates
identified in muscle, may not present themselves in
solutions, and conversely / some of the states in the
solution schemes may not occur, or have short lifetimes, in
muscle. Moreover, kinetic schemes derived from solution
studies do not give direct information about the identity
of the power stroke, and give no information about its
structural basis. These issues can be addressed; however,
by studying the kinetics of the different states in muscle
and relating it to mechanical and structural parameters as
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is discussed in the next section.
II.1L3. Biochemistry of actomyosin in muscle and its
relation to mechanics
Skinned fibers have proven to be the most useful
preparations for comparing cross-bridge kinetics in the
organized contractile system of muscle fibers with the
kinetics of actomyosin ATPase in solution. The surface
membrane can be removed mechanically (Natori, 1954) or by
chemical treatment (Szent-Gyorgyi, 1949 i Eastwood et al.,
1979; Magid and Reedy, 1980) so that the solution bathing
the fibers can be varied, while the contractile system
remains basically intact. Thus the chemical environment
surrounding the contractile filaments can be controlled
directly and conditions can be chosen such as to simulate
the conditions used in biochemical studies of the
actomyosin ATPase solution. However, most of the
techniques of solution biochemistry are difficult to apply
to muscle fibers. Thus, until about a decade ago, much of
the information about actomyosin in muscle had come from
studying steady-state and transient mechanical properties
of muscle fibers ~n solution of various maintained
compositions.
Recently, however, it has become possible to study the
kinetics of transitions between biochemical states more
directly by imposing a rapid step change of ATP
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concentration within a muscle fiber. This can be achieved
by allowing a photolysable precursor effector molecule to
diffuse into the fiber, then illuminating the fiber with an
intense pulse of ultraviolet light to generate the effector
molecule rapidly in millimolar concentrations. Use of
caged ATP in permeablized skeletal muscle fibers has
permitted analysis of the coupling between ATPase activity
of actomyosin in fibers and force generation (Goldman et
aL, 1982, 1984a,1984b) I as well as provide the first
quantitative comparison of the cross-bridge attachment and
detachment rates in solution with that in muscle. If ATP
is released into a rigor fiber, by photolysis of caged ATP,
in the absence of calcium, the force and the stiffness of
the fiber rapidly decrease to zero. This experiment is
analogous to rapidly mixing ATP with actomyosin (AM) in
solution, and indeed a similar value for the second-order
rate constant of detachment (or dissociation) is obtained
in the two experiments (200C, rabbit fibers or proteins),
indicating that the rate of cross-bridge dissociation, is
relatively insensitive to cross-bridge strain.
If ATP is released by photolysis in a rigor fiber in
the presence of calcium, the force rises rapidly and the
rate constant for cross-bridge attachment under these
conditions (50-l00 s-l) is comparable to the rate for
isolated proteins in solution under similar conditions.
Also Ferenczi et ale {1984} found, similar to what is found
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in solution, that there is an initial rapid burst of ATP
hydrolysis in the first 50 ms after ATP release by
photolysis in a rigor fiber, followed by a turnover rate of
about 2 s-l per myosin. Furthermore, another exciting
result becomes apparent from this data: a major steady-
state intermediate in isometric muscle must have bound
hydrolysis products, ADP.Pi or ADP (although the existence
of a significant population of AM.ATP cannot be ruled out).
This is deduced from the turnover rate for one cross-bridge
cycle (i.e., rate for the hydrolysis of one ATP, including
the products release step) is 2 s-l per myosin, which is
much slower than any of the three biochemical steps of
actomyosin ATPase discussed so far: (1) the rate of
detachment of cross-bridges from actin by ATP binding (at
physiological ATP concentrations the rate of relaxation
from the rigor state would be of the order of 1000 -1s ,
Goldman et al., 1984a), (2) the elementary hydrolysis step
(i.e., M.ATP => M.ADP.Pi which occurs at a rate> 50 s-l,
Ferenczi, 1986) and (3 ) the subsequent rebinding 0f the
myosin head with bound nucleotide (estimated at about 50-
100 s-l, Goldman et al., 1984b). All three of these rates
are at least an order of magnitude faster than the rate for
the overall cycle, therefore a major steady-state
intermediate in the cycle must occur between the
reattachment of the myosin head, with bound nucleotide, to
actin and the detachment of cross-bridges from actin by ATP
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binding. This is clearly consistent with the idea that the
transition of AM.ADP,Pi => AM.ADP may be coupled to the
force generating step in the cross-bridge cycle. In fact,
a detailed picture has emerged in which force production is
linked to Pi release from the cross-bridge (Hibberd et al.,
1985). Hibberd et al. (1985) found a decreased isometric
force production and accelerated force transients following
ATP release in the presence of 10 roM Pi' This and other
studies (Dantzig et al., 1991) have further suggested that
the capacity for mechanical work is related to the slow
rate of ADP dissociation from positively strained cross-
bridges, but as strain is relieved by relative movement of
the actin and myosin filaments, the ADP dissociation rate
increases. Characterizing the precise biochemical states
in the cross-bridge cycle which give rise to the elementary
force-generating state remains a central problem in the
study of muscle contraction. current research with caged
Pi and caged ADP is helping to delineate these states
(Dantzig et al., 1992; Lacktis & Homsher, 1987).
Finally, in addition to the recording of mechanical
properties of fibers following photolysis of caged
compounds, X-ray diffraction (Poole et al., 1988,1991; Rapp
et al., 1986), rapid freezing for electron microscopy
(Hirose et al., 1991, 1993; Lenart et a1., 1992, 1993),
chemical probes (Barsotti & Ferenczi, 1988; Ferenczi, 1986;
Ferencz i et al., 1984,1988) I and spectroscopic probes
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(Fajer et al., 1990; Irving et al., 1988; Thomas et al.,
1987, Tanner et al., 1992; Allen et al., 1992), have been
used to monitor chemical and structural changes during the
contractile cycle in skinned muscle fibers, the results of
which may more readily be compared to the in vitro
biochemical solution studies I than those from intact
fibers.
II.L. STRUCTURAL PROBES OF THE CROSS-BRIDGE CYCLE
One of the fundamental goals for solv ing muscle
contraction is to correlate the mechanical and biochemical
parameters of the cross-bridge cycle with a description of
the structural parameters of the cross-bridge cycle. Thus
far, the models considered for the cross-bridge cycle have
been largely independent of any associated, and well
def ined structural states. Huxley's 1957 model and the
Huxley-Simmons 1971 model describe the kinetic properties
of mechanically def ined states, such as attached, force
generating, or detached, with little mention of the
associated structural states. Similarly, the Eisenberg-
Hill models, which assign free energy vs. posi tion
parabolas to the intermediate biochemical "states"
occurring within different attached states, have given
virtually no consideration for the specific structure of
the cross-bridges in each of these intermediates in the
actomyosin ATPase cycle. These theories do, however, lend
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themselves to testable predictions of certain structural
parameters. For instance, in both the 1957 theory and the
Huxley-simmons theory predictions about the stiffness of
the muscle fiber (i.e., the number of attached cross-
bridges) in different states are made which could be tested
with structural methods. In the simplest forms of the
Eisenberg-Hill models, there are assumed two attached and
two detached states. One could probe the configurations of
these four states with structural methods. Finally, and
perhaps most importantly, all the theories discussed so
far, have as a central feature, a power stroke, which is
the step or series of steps of the attached cross-bridge
during which the force generating process occurs. A
question of significant importance, to our understanding of
how muscle works, is "what is the structure of the cross-
bridge during the power stroke?"
Two major biophysical techniques for studying cross-
bridge structure, electron microscopy, including rapid
freezing for electron microscopy, and X-ray diffraction,
have been introduced and discussed in some detail in
earlier sections of this chapter. Another way to monitor
cross-bridge structure is with optical techniques involving
the interaction of polarized light with extrinsic probes
attached to different contractile proteins, or different
sites on the same contractile protein. The angle between
the absorption or emission dipole of the extrinsic probe,
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and the fiber axis can be monitored with the polarization
dependence of absorption of light, as in the case of linear
dichroism, or the emission of light, as in the case of
fluorescence and phosphorescence. Similarly, the
orientation of anisotropic protein components can be
monitored with the polarization dependence of the
refractive index, known as the birefringence. These
optical methods can usually resolve structural changes in
single muscle fibers on the timescale that is at least as
fast as the rapid mechanical transients.
other types of extrinsic probes, in addition to those
used for the fluorescence and dichroism studies, are
extrinsic probes used for electron spin resonance (EPR) and
an extension of the technique, saturation transfer EPR
(STEPR). These techniques have the advantage over the
optical probes in that 1) it is possible to achieve a
higher specificity of labelling of myosin reactive
sulphydryl (SH-1) with spin than with fluorescent probes,
2) they can define the distribution of angles of the probe
spin axis with that of the fiber without the ambiguity of
interpretation characteristic of the optical methods, and
3) they are sensitive to the mobility of the probe on the
millisecond timescale, which is a useful feature for
testing the kinetic aspects of cross-bridge theories.
However, the main disadvantage of the spin resonance method
is low sensitivity. Measurements therefore cannot yet be
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made on single muscle fibers.
One bit of caution, however, must be mentioned about
these extrinsic optical probes that are covalently attached
to the contractile proteins, control observations are
required to check that the label has not altered the
mechanical or biochemical properties of the labelled fiber.
Intrinsic methods, such as rapid freezing for electron
microscopy or X-ray diffraction, could be used to assay for
structural preservation of the labelled fibers, at least in
well-defined states such as rigor or relaxation
observations, but this has not generally been done. Also,
extrinsic probes report on the local mobility or
orientation at a specific site, and this does not imply
similar characteristics for the whole protein to which it
is covalently attached, such as the cross-bridge (5-1) or
the myosin light chain.
II.M. COMPARISON OF DATA FROM VARIOUS STRUCTURAL PROBES FOR
MUSCLE FIBERS IN RIGOR, RELAXATION AND ISOMETRIC
CONTRACTION
II.M.1. Rigor
As previously mentioned, in the absence of ATP,
virtually all cross-bridges are bound to actin in
vertebrate musc le (H.E. Huxley & Brown, 1967; Cooke &
Franks, 1980 i Thomas s cooke; 1980; Love11 & Harrington t
1981; poulsen & Lowy, 1983). Electron micrographs of
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insect muscle in the rigor state (e.g. Reedy et al., 1965)
and x-ray diffraction studies on vertebrate muscle in the
rigor state (e.g., H.E. Huxley & Brown, 1967; Haselgrove,
1975) both indicate that the cross-bridges are strongly
bound in the rigor state and are thought to correspond to
the AM state in solution. As mentioned earlier, in cross-
bridge models with two attached states, the rigor
configuration is often made to correspond to the end of the
working stroke (Lymn & Tay lor, 1971). Resu 1ts from
experiments using spin or optical probes attached to the
SH-l of myosin subfragment-1 support this view. Thomas &
Cooke (1980) found, in the case of EPR, that the probes are
immobile on a millisecond timescale and have a narrow
angular distribution. When ADP is added to rigor muscle,
there is no change in the mechanical properties, X-ray
diffraction pattern or orientation of a spin label on
myosin SH-1. Also, Yanagida (1981) found that fluorescent
ADP analogues bound to the active site of myosin had a high
degree of order when bound to a rigor muscle.
The above results differ from those found with a
rhodamine derivative bound to the myosin SH-l site.
Burghardt et a1. (1983) and Tanner et a1. (1992) found
significant changes in linear dichroism reported from this
probe on addition of ADP to rigor fibers. In fact, Tanner
et a1. (1992) with the use of caged ATP and caged ADP,
found similar changes in the dichroism amplitude and time
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course when either ATP or ADP were rapidly released into a
rigor fiber. These changes in dichroism preceded the main
tension transient of the fiber. The results are
interpreted as the orientation of the rhodamine probe on
the myosin head reflects mainly structural changes linked
to nucleotide binding. Similar results are reported by
Allen et ale (1992) who monitored the fluorescence
polarization of a rhodamine probe which was covalently
linked to the light chain (LC-2) in glycerinated fibers of
rabbit psoas muscle.
Finally, when the non-hydrolyzable ATP analogue AMPPNP
binds to rigor fibers, it has been found to cause a
reversible decrease in the rigor tension of rabbit psoas
muscle (Marston et al., 1979), with a negligible change in
the stiffness (Marston et al., 1976,1979). X-ray
diffraction (Tregear & Marston, 1979; Padron & H.E. Huxley,
1984) and EPR (Thomas & Cooke, 1980) studies suggest that
the resulting cross-bridge structure or orientation is
different from that in rigor. These results suggest, or at
least are consistent with the idea that cross-bridges with
bound AMPPNP are attached to actin in a conformation
resembling that at the beginning of the power stroke.
However, Padron & H.E. Huxley (1984), from their work on x-
ray diffraction of rigorized frog muscle in the presence of
AMPPNP, concluded that the structural changes seen under
these conditions alter the cross-bridge near to the
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junction with 82, with less significant changes occurring
in the parts of the cross-bridge close to actin.
II.K.2. Relaxation
Although it is difficult to resolve individual myosin
heads in the electron micrographs of sections from relaxed
muscle, it is clear that the myosin heads align themselves
in a remarkably ordered fashion along the helical tracks of
the relaxed thick filament (Ip & Heuser, 1983; Cantino &
Squire, 1986 i Lenart et al. I 1992, 1993). This conclusion
is also supported by x-ray diffraction, which shows a
series of strong layer lines, indexing on the myosin-based
helix (e.g., H.E. Huxley & Brown, 1967). The actin-based
reflections are weaker than they are in rigor I and the
intensity profile along the actin layer lines is such that
the radial distance from the meridian is greater from
relaxed muscle than from rigor muscle. These resul ts
suggest that the myosin heads are detached from actin and
their configurations are determined by their interaction
with the thick filament backbone.
Data from extrinsic probes on the mobility of the
myosin heads in relaxed muscle indicate that the heads are
more mobile in the relaxed state compared with rigor.
There are, however, quantitative differences between
published work from different probe studies. For instance,
Wilson & Mendelson (1983) found considerable order in the
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orientation of a fluorescent probe on SH-l in relaxed
muscle, whereas Thomas & Cooke (1980) found a spin probe
attached to the same site is mobile on the 10 ~s timescale
and randomly oriented. It must be re-emphasized that
disorder of a particular probe attached to the myosin head,
does not necessarily imply disorder of the whole head. It
could imply, as
isolated domain
previously
around the
mentioned, disorder from
area to which the probe
an
is
attached, or in fact, if the angle of orientation of the
probe were perpendicular to the long axis of the head,
probe disorder could be reporting rotation of the head
about this axis. Thus, several explanations could account
for the seemingly disparate results between electron
microscopy and X-ray diffraction, and probe studies on the
mobility of myosin heads in relaxed muscle.
Furthermore, evidence exist for the weakly bound state
AM.ATP and AM.ADP.Pi of isolated proteins in low ionic
strength, in demembranated muscle fibers at low ionic
strength (20-50 roM). Such a state is proposed in the
models by Eisenberg and Hill where it corresponds to that
at the start of the power stroke during contraction.
Matsuda & Podolsky (1984), Brenner et al. (1984), and Yu &
Podolsky (1990) found, through X-ray diffraction studies,
that at low ionic strength a considerable fraction of the
cross-bridge mass has moved to the vicinity of the actin
filaments, compared with relaxed muscle at normal ionic
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strength. The evidence for these changes comes from the
equatorial patterns of these muscles (L. e., the 1[1,0 J
increases from that of the relaxed state, while the 1[1,1]
remains unchanged from that of the relaxed state). The
meridional and off-meridional layer lines, however, remain
as the strong myosin-based helix reflections characteristic
of relaxed muscle at normal ionic strength, rather than
taking up the actin-based helical reflections. Fajer et
al. (1985) found that the EPR spectra from fibers in low
ionic strength relaxing solution show a population of
probes with their spin axes oriented at or near the angle
characteristic of rigor fibers, but with greater angular
disorder. I n con juncti on with the ev idence from the
mechanical properties (Brenner et al., 1982) of fibers in
such solutions, the results suggest a rapid equilibrium of
cross-bridge attachment to actin in a configuration that
must be structurally different from the rigor bond. Hence,
there is support for the existence of the hypothesized
weakly bound AM.ATP and AM.ADP.Pi states, proposed in the
models of Eisenberg and Hill, based on a similar
interpretation of data from considerable divergent
structural techniques such as x-ray diffraction and EPR
spectra from spin probes.
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II.M.3. Isometric contraction
In contracting muscle, much of the myosin head mass
has moved from its relaxed position near the thick filament
backbone to the vicinity of the thin filament. Mechanical
studies indicate that as much as 75% of the myosin heads
are attached in contraction as in rigor (Goldman & Simmons,
1977)• x-ray results suggest that 50-80% of the myosin
heads are attached to actin (Haselgrove & Huxley, 1973;
Yagi et al., 1977; H.E. Huxley & Kress, 1985). As
discussed previously (see section (II.G.4.b. The myosin
reflections in isometrically contracting muscle», the
myosin layer lines from an isometrically contracting muscle
decrease to about 20% of their value in the relaxed case,
but the 145 A meridional reflection increases in intensity.
Intensification of the 145 A meridional reflection with a
concomitant decrease in the intensity of the myosin-based
off meridional layer lines suggests that the proximal end
of the attached myosin heads (i.e., the end nearer to the
S1-82 junction) is still associated with the thick
filament. Only a small fraction of the cross-bridge mass,
however, is associated with the actin-based hel ix on
contraction, based on the actin layer line intensities
relative to rigor and the fact that the centroid of the
layer lines do not move towards the meridian, as they do in
rigor. Based on the intensities of the actin layer lines in
frog muscle H.E. Huxley & Kress (1985) estimated that no
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more than 20% of cross-bridges could be attached an the
rigor configuration during contraction.
Cooke et aL (1982) showed from the EPR spectrum of
spin probes at myosin SH-1, that during isometric
contraction 20% of the heads are in a rigor configuration
and the remaining 80% are disordered (i.e., this later 80%
are indistinguishable from relaxed muscle). Yanagida
(1985) I under slightly different conditions, found with a
fluorescent ATP analogue that 40% of the heads are in the
rigor configuration and the rest are disordered.
Birefringence data, which cannot reliably distinguish
between the rigor configuration and an isotropic
distribution of cross-bridge head angles, suggests that
during contraction the long axis of the head is more nearly
perpendicular to the fiber axis than an relaxed muscle
(Irving, 1984).
Thus there is an apparent discrepancy between the
mechanical and X-ray data suggesting that 60-80% of the
myosin heads are attached during contraction compared with
EPR and optical probes which suggest as few as 20-40% of
the heads being in the rigor configuration and the rest
mobile. One way to resolve this discrepancy is to suggest
that there actually are 60-80% of the heads attached during
isometric contraction, but there are two populations of
cross-bridges:
configuration
20-40% of
and 20-60%
the cross-bridges
attached over a
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in the rigor
wide range of
angles and in rapid motion (H.E. Huxley & Kress. 1985). If
this true, then many questions become immediately apparent,
for instance (1) what is the temporal relationship between
the power stroke and the rigor-like state of the cross-
br idge (i.e., does the power stroke occur bef ore or
concomitant with the rigor-like state of the cross-bridge?)
(2) What portion of the time in the cross-bridge cycle does
the attached myosin head produce force? (3) Over what
distance does the force generating step take place? (4)
What portion of time that the myosin head is attached is it
in a power stroke? Recent ideas on these issues are
discussed in the next section.
II-N. RECENT IDEAS ABOUT THE LENGTH AND DURATION OF THE
POWER STROKE
H.E. Huxley & Kress (1985) assumed that the length of
the power stroke is short, approximately 40 A. These
investigators assumed that 'a large fraction of heads are
attached to actin during muscle contraction, as indicated
by the equatorial reflections, but that only a small
fraction of these are involved in the power stroke.
Therefore, although the heads are attached over a distance
of 120 A, they would execute the power stroke during only
40 A of the attached state, and remain loosely attached
during 80 A of attachment. The loosely attached heads are
assumed disordered so that they do not contribute to the
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actin layer Iines or to the ordered states seen with
probes. As heads enter the power stroke, they rotate to a
more acute angle, extending the 40 A elastic element that
resides in the cross-bridge. The power stroke then
involves the shortening of this elastic element, while the
myosin head, or at least a portion of it remains rigidly
fixed to the actin. At the end of the power stroke, it was
proposed the cross-bridge would be in a rigor-like
configuration.
Yanagida et ale (1985) made measurements of filament
sliding and of ATPase during unloaded shortening of
isolated sarcomeres without Z-lines. These results suggest
that the distance of filament sliding during one cycle of
ATP hydrolysis is 600-700 A, which is three to four times
the length of the long axis of the myosin head. Although
the distance the filaments slide during one ATP hydrolysis
(called the "interaction distance" by Higuchi & Goldman,
1991) is clearly different from the distance the filaments
slide while a cross-bridge is executing power stroke, 600-
700 A is about 6 times the conventional filament sliding
distance (ca. 120 A), A.F. Huxley & Simmons, 1971j Ford et
al., 1977; H.E. Huxley & Kress, 1985).
Thus, although there is a significant amount of data
to support the idea that the cross-bridges have a working
stroke of 100-200 A for each molecule of ATP hydrolyzed
(e.g. A.F. Huxley & Simmons, 1971; H.E. Huxley & Kress,
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1985; Uyeda et al., 1990, 1991), other results, (Yanagida
et al., 1985; Harada et al., 1987, 1990; Ishijima, et al.,
1991) raise the interesting possibility of a looser
coupling between cross-bridge movement and ATP hydrolysis.
That is to say, at low loads the hydrolysis of one molecule
of ATP by a single myosin head might be associated with
multiple actin interactions each of which produces a power
stroke for about 100 A of filament sliding.
The main source of controversy in the literature about
the recent reports on the length of the power stroke,
surrounds the length of the interaction distance
espec ially at low loads. Harada et a1., (1990) has
reported filament sliding of 100 nm or larger per ATP
hydrolyzed for very short (400 A) actin filaments moving at
maximum velocity on densely coated myosin surfaces. Under
these conditions, implied is a single power stroke much
larger that 10 nm or multiple 10 nm power strokes per ATP
hydrolyzed. A similar conclusion is reached by Higuchi &
Goldman (1991), who measured the sliding distance per ATP
hydrolysis in skinned fibers to be about 600 A.
These results and their interpretation appear
inconsistent with those of Uyeda et al., (1990, 1991).
This group measured, with high resolution, the velocity of
actin filaments sliding on surfaces coated with a low
density of myosin heads. Filament velocity is found to
depend on the number of actin-myosin interactions (i.e., it
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is quantized). Essentially, by knowing the duty ratio
(Uyeda et al., 1990), which is the ratio of the time for a
myosin to execute the power stroke to the duration of each
ATP hydrolysis (this fraction is determined to be 0.05) and
the filament velocity, then the sliding distance during
which the power stroke is executed can be deduced. This
gives a sliding distance of about 100 A for the power
stroke which occurs once per ATP hydrolyzed. This value
suggests a tight-coupling model, and is equal to the
conventional power stroke distance, unlike those models
presented above with interaction distances that are an
order of magnitude larger.
Although there are differences between the findings of
those investigators attempting to measure the length of the
power stroke of the myosin cross-bridge during the cross-
bridge cycle, what seems to be emerging, at least during
rapid shortening of the filaments, is a departure from the
conventional view of a simple 1:1 tight-coupling model
(Irving, 1991). In such a model the cross-bridge attaches
to the thin filament, executes a power stroke, and
detaches. When filament sliding is rapid, myosin heads
seem to be able to interact with actin over a distance much
greater than the conventional 100 A power stroke for each
ATP hydrolyzed. Further studies are needed to clarify the
differences between the measured length of the power
stroke among the investigators mentioned above, and new
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models need to be developed to replace the conventional
simple models which are proving to be inadequate to
describe the function of the myosin cross-bridge which
needs to perform over a wide range of force: veloci ty
ratios.
II.O. CONCLUSION TO THE HISTORICAL BACKGROUND
Clearly, research into the nature of the cross-bridge
mechanism and mechanical energy liberation is
multidisciplinary.
spectroscopic probe
measurements of the
Electron microscopy, X-ray diffraction,
studies, biochemistry, physiological
mechanical force exerted by muscle
fibers and in vi tro motility studies have all played an
essential role in attainment of our current level of the
understanding of contraction. The fundamental problem of
muscle contraction is how interactions between and changes
within the molecules of the thin and thick filaments
produce a relative sliding force between both kinds of
filaments. The topic is still unresolved and the central
subject of muscle research.
Early work in light and electron microscopy
established the sliding filament theory between the two
sets of filaments in muscle, and that cross-bridges
provided the cross-links of interaction between the two
sets of filaments (A.F. Huxley & Niedergerke, 1954; H.E.
Huxley & Hanson, 1954; H.E. Huxley, 1957) I with ATP being
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the fuel to power the contraction process (Szent-Gyorgyi,
1953) . Mechanical and energetic experiments have
facilitated the development of detailed models of muscle
contraction (A.F. Huxley, 1957; A.F. Huxley & Simmons,
1971; Eisenberg & Hill, 1978; Eisenberg et al., 1980;
Eisenberg & Greene, 1980), which do remarkably well in
predicting several of the experimental observations in this
thesis. Although solution studies have brought the field
of muscle contraction a long way towards understanding the
kinetics of actomyosin (Lymn & Taylor, 1971; stein et al.,
1979, 1984; Rosenfeld & Taylor, 1984), it has only been
with the advancement of the use of caged compounds in
demembranated fibers that our understanding of the kinetics
of actomyosin in solution could be related to intact fibers
(Goldman et al., 1982,1984a,b). The mechanical,
energetic, and biochemical kinetics data along with a
wealth of structural data by X-ray diffraction and electron
microscopy provided the basis for the so-called rotational
cross-bridge model (H.E. Huxley, 1969; A.F. Huxley &
Simmons, 1971). This model has as a centraI thesis that
the physical basis of the development of the sliding force
is the cyclical formation of actomyosin links, in which the
cross-bridges undergo a rotational motion (thought to be
concomitant with force generation) and then breaking of
actomyosin links. When the myosin heads bind to actin and
the heads tilt or rotate as a result of changes in their
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internal structure, which is coupled to ATP hydrolysis,
this tilting motion will stretch the elastic component
located somewhere in the cross-bridge (A.F. Huxley, 1974),
producing a force that displaces the thin filament with
respect to the thick filament. Each cross-bridge cycles
independently, involving movement of the order of 10 nm at
the expense of one ATP molecule. Steady force or
shortening results from cycling of many asynchronous cross-
bridges on each thin and thick filament. For many years,
this model has been the leading idea.
However, recent structural and mechanical results have
been obtained that do not agree with this model, which has
forced investigators to re-examine the mode1. Data with
probe studies (Yanagida et al., 1985; Cooke et al., 1982;
Tanner et al., 1992) have shown that the probes attached to
myosin heads do not change their orientation significantly
with the onset of tension during isometric contraction,
indicating that the region of the myosin head to which the
probe is attached does not have a significant structural
change during the onset of tension. The length of the power
stroke, and the length of filament sliding which occurs for
one ATP hydrolysis per head has been measured by several
groups using in vitro motility assays (Harada et al., 1987,
1990; Uyeda et al., 1990, 1991; Ishijima et al., 1991) I and
in demembranated muscle fibers with the use of caged ATP
(Higuchi & Goldman, 1991). The major novel finding from
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the above experiments is that the interaction distance of
one myosin cross-bridge with actin during the hydrolysis of
one ATP molecule, under maximum velocity conditions, is an
order of magnitude larger than that of the conventional
Leriqt.h of the power stroke (ca., 120 A). This suggests
that an actin filament can travel a longer distance than
previously thought along the myosin filament during one ATP
cycle, i. e., the coupling between the ATP hydrolysis and
mechanical reaction is not rigidly determined but variable.
A similar result has been obtained with rapid length
perturbations on intact fibers (Lombardi et al., 1992), or
rapid length perturbations in conjunction with time
resolved x-ray diffraction of single intact fibers (Irving
et al., 1992). These investigators found the elementary
force-generating process occurs with a half-time in less
than 0.5 ms. This is an four orders of magnitude faster
than the rate of ATP hydrolysis under similar conditions.
The conclusion is that the cross-bridges can undergo
several power strokes (i.e. elementary force-generating
processes) during one ATP cycle. Again one is drawn to the
conclusion that there exists a loose coupling between the
force generating process and the ATP cycle.
Thus the rotating cross-bridge model, as the leading
idea of the molecular mechanism of muscle contraction is in
jeopardy because we have no unequivocal evidence that
proves that the myosin heads actually become attached to
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actins and tilt or rotate on them in contracting muscle. A
direct structural description of the cross-bridge during
active muscle contraction should be sufficient to sort out
this issue. Structural techniques like probe studies, x-
ray diffraction, and especially electron microscopy have
played and continue to play a central role in elucidating
filament structure and cross-bridge disposition. The rapid
freezing technique for electron microscopy seems
particularly promising for being able to determine the
putative structural change in the cross-bridge that is
associated with force generation (A.F. Huxley, 1992). The
following chapters of this thesis describe the methods I
results, and discussion of results of how the ultra-rapid
freezing technique was used on single frog sartorius fibers
in conjunction with activation of the fibers by the
photolysis of caged calcium (so that activation of the
cross-bridges from the relaxed state was abrupt and
synchronous), in order to achieve an understanding of the
structural events of the cross-bridges during muscle
contraction.
130
CHAPTER III. MATERIALS AND METHODS
III.A. CHEMICALS
1-(2-nitro-4,S-dimethoxyphenyl)-N,N,N',N'-tetrakis
[(oxycarbonyl)methyl]-1,2-ethanediamine (DM-nitrophen) was
a gracious gift of Drs. Jack Kaplan and Graham Ellis-
Davies. 1,6-diaminohexane-N,N,N',N'-tetraacetic acid
(HOTA) was obtained from Aldrich Chemical Co. Hexokinase
(yeast, lyophilized) was obtained from Calbiochem.
Polyvinylpyrrolidone (PVP-40) was obtained from Fluka AG,
Buchs SG. HDTA, hexokinase and PVP-40 were used without
additional purification. Ethyleneglycol-bis-(5~
aminoethylether) N,N,N I, N I -tetraacetic acid (EGTA), N-
tris(hydroxymethyl)methyl-2-aminoethanesulphonic acid
(TES), ATP (disodium salt from equine muscle), [p1,p5_
d i (adenos ine-5 ')pentaphosphate J (Ap5A) (lith i um sa1t) I
creatine phosphate (CP), glutathione (reduced form) (GSH)
and Triton X-100 were obtained from Sigma. All other
reagents were analytical grade.
131
III.B. SOLUTIONS
TABLE I. Solutions for experiments with frog sartorius
muscle (all concentrations in roM) •
NaATP (K) (K) (Mg) EGTA NaN3 PVP Tritonphospho ace- ace- X-lOa
buffer tate tate
Rigor 15 75 5 5 5 2%
2.5 ATP 2.5 15 75 5 5 5 2%
relax
5 ATP relax 5 15 75 5 5 5 2%
(pH 7.0)
5 ATP relax 5 15 75 5 5 5 2%
(pH 6.3)
5 ATP skin- 5 15 75 5 5 5 2% 0.5%
ing sln. (pH 6.3)
For experiments with frog sartorius muscles, the
Ringer I s solution used in the initial dissection had the
following composition: 115 roM NaCI, 2.5 roM KC1, 1.8 mM
caCl21 2.5 roM MgCI2, 3 roM sodium phosphate buffer.Rigor solution with 1t.TP-depletion system: same as rigor
solution but with 50 ~g ml- hexokinase, 1 roM glucose, 200
~M [P ,p5-di(adenosine-51)pentaphosphate) (AP5A), pH 7.00.
AP5A was added in order to inhibit endogenous adenylate
kinase (Abbott & Leech, 1973), glucose and hexokinase to
remove any ATP present (Marston et al., 1976).
The relaxing and rigor solutions used in these
experiments, as well as the solutions used for dissection
and extraction of the frog sartorius muscles are described
by Padron and Huxley (1984). The ionic strength of the
solutions was 0.2 M. 2% (wIv) polyvinylpyrrolidone (PVP-
40) was added to the rigor and relaxing solutions to
prevent the swelling of the muscle lattice after skinning.
The final pH of the rigor and relaxing solutions was 7.0 (@
2-4°C) unless otherwise stated.
Abbreviations:
(K) phospho buffer potassium phosphate buffer.
(K) acetate potassium acetate.
(Mg) acetate magnesium acetate.
EGTA ethyleneglycol-bis-(B-aminoethylether)-N,N,N',N'-
tetraacetic acid.
PVP polyvinylpyrrolidone (PVP-40).
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Table II. S~lution composition of solutions used during
caged Ca + experiments (all concentrations in mM).
A. solutions for frog sartorius muscle fibers.
NaATP MgCl2 EGTA HDTA TES CP GSH CaCl2 DM-NP
3 mH ATP 3 0.66 0.5 1.84 100 29.5 2
relax
pre-ACT 3 1.2 0.1 1.84 100 20 10
ACT nA" 3 1.2 25.7 100 20 2 2 1.94
ACT nB" 3 1.2 25.7 100 20 2 1.94
B. Solution for rabbit psoas muscle fibers.
NaATP MgCl2 EGTA TES CP GSH
S mH ATP 5.44 7.7 25 100 19.11 10
relax
The solutions used for activation of frog fib~rs from
the re laxed state with photolys is 0 f caged Ca + (DM-
NP) were modified from those described in Goldman and
Kaplan (1988). The concentrations of the solution
constituents were calculated by a computer program which
used affinity constants from the literature to solve the
multiple binding equilibria of the components (Goldman et
al., 1984b). All concentrations were in units of mM unless
otherwise stated. The ionic strength of the solutions was
0.2 M. Solutions were made up with 2% (w/v) PVP-40 and
brought to pH 7.10 (@ 2-4°C) with KOH or HCl.
The solution containing the caged calcium, used in the
frog fiber experiments, was a mixture of acti va t ing
solution A (Act "Ali), which contained high calcium, and
activating solution B (ACT "B"), Which contained no added
calcium. In most experiments, 60-BO% of activating
solution A was used, so that the pca of the solution was
approximately 6.B. The percent of each used was determined
empiric~llY for each fiber, such that the concentration of
free Ca + present put the fiber near the threshold for
activation, or slightly beyond (which typically ranged from
1 to 2% of fully active tension).
Abbreviations:
NaN3, so~iu~ azide.APSA, [P ,P -di(adenosine-5')pentaphosphate).
TES, N-tris(hydroxymethyl)methyl-2-aminoethanesulphonic
acid.HDTA, 1,6-diaminohexane-N,N,N',Nt-tetraacetic acid.
CP, creatine phosphate.
GSH, glutathione (reduced form).
DM-NP, 1-(2-nitro-4,5-dimethoxyphenyl)-N,N,N',N'-
tetraki s [(oxycarbony 1)methy I]-1 ,2-ethaned iami ne (a1so
called DM-nitrophen) .
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III.C. MUSCLE SPECIMEN PREPARATION
III.C.l. Gross Dissection
sartorius muscles were obtained from 3 to 3 1/2 inch
healthy specimens of the frog Rana temporaria. Sartorius
muscles were removed from the frogs according to a modified
version of the dissection protocol of Padron and Huxley
(1984) and chemically skinned according to a modified
version of the skinning method of Magid and Reedy (1980).
The muscles were dissected in Ringer's solution at 2 to 4
0C, after which they were ·tied by their tendons to a
dissection chamber (see FIGURE 21). The proximal (pelvic)
tendon was removed along with a portion of the pelvic bone.
silk thread was looped around the the two lateral portions
of the pelvic bone, on either side of the pelvic tendon
attachment, and secured to the two corners on one end of
the dissecting chamber as indicated in FIGURE 21. A single
piece of silk thread was tied to the tibial t.andon, and
the thread was then secured to the other end of the
dissecting chamber I after the muscle had been stretched 10
to 20 % of its slack length. Thus1 the muscle was taut
and securely suspended within the dissection chamber by the
three points of attachment via the silk thread. Both the
dorsal and ventral surfaces of the muscle were well
submersed in the ice cold Ringer's solution to permit free
diffusion on both sides of the muscle. After mounting the
muscle, the integri ty of the attachments of the silk
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Rectangular piece . _
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I
I
I
Silk ulread I look for tiblnl aunchmcm
FIGURE 2l. Dissection chamber used in the chemical
skinning protocol of the muscle. On one side of the
dissection chamber was a rectangular piece of cork which
was held in the chamber by friction between it and the side
walls of the chamber. Two rods of stainless steel were
placed in the cork, at a 45-60° angle, and served as posts
onto which the pelvic bone was tied. On the opposite side
of the chamber was a hook which was attached to a rod, the
position of which could be adjusted along the axis of the
fiber dissecting chamber. The tibial tendon of the muscle
was tied to the hook and the final length of the muscle was
determined by moving the adjustable rod to the desired
position. Generally the muscle was stretched by about 10%
of its slack length (drawn by Nasta Glaser).
135
--
thread, both on the muscle tendons and at the dissection
chamber, was checked by inducing a short tetanus by means
of a train of stimuli generated by a Grass 89 stimulator.
The Ringer's solution bathing the dissected sartorius
muscle was then exchanged with ice-cold relaxing solution
at pH 6.3. During the exchange of the Ringer's solution
with the re laxing solution, the musc le underwent a
potassium contracture. Therefore it was critical that the
muscle be held taut during the exchange to prevent unloaded
shortening which could lead to structural damage of the
fibers.
III.C.2 Chemical skinning and single fiber dissection
After 15 min. of soaking the muscle in ice-cold 5 mM
ATP relaxing solution at pH 6.3, the solution was exchanged
with fresh relaxing solution to which 0.5% (vjv) of Triton
X-100 was added. The extraction bath was stirred by a
small magnetic stir bar at about 60 rev. min.-l at 4.0oC
for 3 hrs. The muscle was then rinsed several times with
fresh relaxing solution at pH 7.00, and placed into a
dissecting tray containing silicone oil at 2-4°C. The
muscle was immediately surrounded by a thin layer of
relaxing solution. single fibers, 5-10 mm in length, were
separated from the muscle and immersed in a fresh volume (~
20 J..I.l)of the 5 rnMMg ATP relaxing solution (pH 7.00). T-
shaped aluminum foil clips made by a photolithographic
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process described by Goldman & Simmons (1984) were folded
around each end of the fiber (see FIGURE 22). The foi 1
edges bent slightly up and away from the fiber so as not to
cut the surface myofibrils, and the clips would firmly grip
the fiber in the process of pressing on the center of the
T-clips. Two types of T-cl ips were used an these
experiments, a longer and shorter T~clip. Both types of T-
clips were attached the muscle fiber, one kind at each end,
in preparation for mounting the fiber on the freezing head
(the fiber mounting procedure is described in section
III.E., of this chapter).
111.0. ARRANGEMENT OF TRANSDUCER AND TRANSDUCER HOLDER ON
FREEZING HEAD.
An Akers gauge, AE 801 piezoresistive, half-bridge
transducer element (SensoNor a.s. Horten, Norway), was used
to measure the forces generated by single, skinned, frog
sartorius muscle fibers. The silicon wafer and the body of
the Akers gauge were housed and protected by a transducer
holder which was modified from the design introduced by
Padron et al. (1988). The transducer holder was mounted on
the te lese oping freez ing head from the Heuser-Reese
cryopress (Med-Vac Inc., P.O. box 9451, st. Louis, Mo,
63117, U.S.A. ). The holder was secured on the specimen
mount of the freezing head (see FIGURE 23a). The base ofthe
silicon wafer was held onto the body of the transducer
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FIGURE 22. T-shaped aluminum foil clips (T-clips) used to
secure single fibers on the freezing head. (a) Two sizes
of T-clips were used, a shorter and longer version as
indicated. The shape and dimensions of both of these T-
clips were developed by Dr. Hirose and Dr. Goldman. (b)
The method of attachment of the T-clips to the fibers was
to bend the arms of the T-clips up, and then over onto the
ends of the fiber. Once the arms were bent and covering
the end of the fiber, they were gent ly pres sed with
forceps, along the center of the arms perpendicular to the
long axis of the fiber, so that the arms pressed against
and gripped the fiber within (drawn by Nosta Glaser).
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FIGURE 23. (Figure on next page).
Transducer holder and delrin clamp mounted on the specimen
mount of the freezing head. (a) Specimen mount of the
freezing head. The flat extension from the stainless steel
shaft was the specimen mount to which the transducer holder
was secured. On the side of the transducer holder, at
about the mid-line, two 090 spline screws were used to
secure the transducer holder to the specimen mount. Thus,
the transducer holder traveled with the specimen mount when
it went to the compressed position (see inset figure) after
it impacted with the copper block, during the freezing
event. (b) Tension transducer holder. The centra 1
cylindrical hole on the perimeter of the transducer holder
was the location for the tension transducer. The 080
spline screws on the side of the transducer holder secured
the body of the transducer to the holder. The holes on
either side of the transducer shaft, viewed from the top
surface of the transducer holder, were for the screws used
to secure the protection cap onto the holder. (c) The
protection cap was placed over the transducer shaft and
served to prevent bending of the carbon rod from excessive
forward or backward motions. opposite the transducer was
the delrin clamp. The delrin clamp consisted of a "U"
shaped piece of delr in attached to a small piece of
aluminum, which itself was attached to the transducer
holder. The rear foot pad of the delrin piece was cut at a
slight angle so as to force the front foot pad to flex away
from the aluminum bit, when the adjustable screw was in the
loosened position, so that the long T-clip could be
threaded between the delrin bit and the aluminum piece
below. with the adjustable screw in the tightened
position, the front foot pad pinched against the aluminum.
Thus, in the tightened position, the delrin clamp held the
long T-clip firmly in place so that it could not slip along
the axis of the fiber (drawn by Nasta Glaser).
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by four gold leads, which were in contact with the
resistive elements of the wafer itself. This area of the
wafer was 1ight sensi tiv e • The base of the wafer,
including the gold leads, had to be painted with black nail
polish to reduce light sensitivity. The Akers gauge was
housed within a cylindrical hole on one side of the
transducer holder (see FIGURE 23b). The silicon wafer of
the Akers gauge extended to just below the top of the
shaft. On the upper portion of the wafer, a small carbon
fiber rod was rigidly attached with epoxy resin (Araldite).
The carbon rod was positioned such that it followed the
long axis of the wafer, thereby, in effect, extending the
length of the wafer (i.e., extending the moment arm from
which the force is transduced). The carbon rod extended
approximately 3.5 mm beyond the top of the transducer
holder. A protection cap (see FIGURE 230) was used to
prevent the carbon rod from excessive or catastrophic
deflections which might be encountered at the freezing
event when the freezing head impacted the copper block.
A hook, made from hardened stainless steel, was attached to
the carbon rod, 1 to 1.5 mm above the upper surface of the
specimen mount. The hook was attached to the carbon rod
with melted shellac, which allowed convenient and fairly
precise adjustments of alignment of the hook to be made
rather quickly. The hook was attached perpendicular to the
carbon rod, and the long axis of the hook pointed toward
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the opposite side of the specimen mount, across from a
delrin clamp (the position of the hook is illustrated in
FIGURE 23c).
A small rectangular piece of delrin, in the shape of
an inverted "U", was secured in a position flush with top
surface of the specimen mount, just opposite the
transducer, on a small piece of aluminum (see FIGURE 23c).
The aluminum piece was secured to the side of the
transducer holder, and was easily removed. Together, the
small piece of delrin and the aluminum constitute the
"delrin clamp." As discussed in the next section, the
delrin clamp was instrumental in securing the longer T-
clips in a static position so that when the shorter T-clip
was put onto the transducer hook, isometric tension from
single fibers could be measured.
III.E. MOUNTING THE FIBER ON THE FREEZING HEAD
A modified specimen holder (commercially available
from Industrial Tooling Service, Leicester, N.C., U.S.A.)
was placed on the specimen mount, before a T-clipped fiber
was mounted on the freezing head. The specimen holder
(also called a planchet) was modified in several ways, as
illustrated in FIGURE 24, to accommodate the shape of the
transducer holder. Once the planchets were modified, they
were washed with deionized, distilled water before the tabs
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FIGURE 24. Modification of the specimen holder (planchet).
An unmodified aluminum disc, with tabs, is shown in the
upper most part of the figure. The first step in modifying
the disc was to cut the sides of the disc so that there
were flat edges at positions 90° from the axis along the
two tabs. Next, two semi-circular plastic spacers were
glued to the disc, with a cyanoacrylate adhesive (crazy
glue), along the curved edges. An agar block (6 X 2 X 0.75
mm) was then glued in the center of the modified disc or
planchet with crazy glue. Finally, the tabs of the
planchet were bent, and it was slipped onto the specimen
mount. The tabs of the planchet were firmly pressed
against the "V-shaped" contour of the underside of the
specimen mount, in order to assure that the planchet was
secured to the specimen rnount(drawnby Nosta Glaser) .
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were carefully bent to grip the sides of the specimen
mount. The planchet was then placed on the specimen mount.
The easiest way to put the planchet on the specimen mount
proved to be removing the delrin clamp from the transducer
holder. The tabs of the planchet were slightly bent, so
that they would just hug the slope of the under side of the
specimen mount. The planchet was then slid onto the
specimen mount and then secured there by further bending
the tabs until they firmly gripped the under side of the
specimen mount (see FIGURE 24). Once the planchet was
mounted on the specimen mount, a thick layer of vacuum
grease was spread around the perimeter of the planchet,
creating a circular well, so that a puddle of relaxing
solution could be placed on the agar and between the
plastic spacers, without leakage into the transducer hole
or spilling off the edge of the specimen holder. Finally,
the delrin clamp was re-attached to the freezing head.
A T-clipped fiber was then transferred from the
dissection tray to the freezing head, with the use of a
thin glass transfer rod. The fiber was then carefully
pulled off the glass transfer rod, into a bead (40 ~l) of
(5 roM ATP) relaxing solution, which was in the well created
by the vacuum grease, on the planchet. The shorter T-clip
was secured on the tension transducer by placing one of the
holes, in the stem of the T-clip, onto the steel hook
(FIGURE 25a). The longer T-clip was secured on the opposite
144
T-Clips which
extend onto
block
With Solution
UNSTRETCHED
FIBER
STRETCHED
FIBER
Without Solution
FIGURE 25. (a) T-clipped fiber on freezing head with fully
modified planchet. Note the T-clips, on both ends of the
fiber, are resting on the edge of the agar block (arrows).
This reduced surface tension artifacts when the solution
was aspirated from around the agar and fiber area. (b) If
the T-clips did not extend onto the agar I then when the
solution was aspirated from the fiber/agar area, the T-
clips tended be pulled down along the side of the end of
the agar block, thus effectively stretching the fiber
(drawn by Nasta Glaser).
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side of the transducer holder with the use of the delrin
cIampi the fiber was then stretched by less than 10% of its
rest length. Thus, the fiber was suspended between the
transducer hook on the one side and the delrin clamp on the
other, with the agar block providing support underneath
most of the length of the fiber. In fact, generally part
of both T-clips would extend onto the surface of the agar.
This overlap between the end of the T-clip and agar
eliminated unwanted and uncontrolled stretching of the
fiber during solution exchange. If the T-clip did not
extend onto the agar, when the solution was removed, the
weight of the T-clips would tend to stretch the fiber by
pulling it down over the ends of the agar block (see FIGURE
25b).
III.F. SOLUTION CHANGES
Once the fiber was mounted and secured on the freezing
head, the solution bathing the fiber was carefully removed
with a small vacuum cannula system; the head was quickly
inverted and placed on the solution exchanger (see FIGURE
26a) . With the freezing head secured on the solution
exchanger, the holder was gently lowered so that the fiber
was immersed in a bubble of relaxing solution contained in
a teflon trough (see diagram 26c).
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FIGURE 26. The temperature controlled solution exchanger.
(a) The solution exchanger (figure next page) consisted of:
(1) a base, which served as a cooling bath reservoir I
which kept the fibers at around 2-6°C while on the
solution changer.
(2) An aluminum block (see figure 26b) in which were
embedded nine 500 ~l teflon solution wells. Each well
contained a magnetic stir bar which occupied about 80%
of the well volume. The diameter of each well was made
to slightly less than the diameter of the planchet (ca.,
8 mm), so that the solution of the well would stay
within the confines of the vacuum grease spread around
the perimeter of the planchet, and not seep into the
cylindrical hole of the transducer or other unwanted
places.
(3) A magnetic stirrer, which was positioned beneath the
base of solution changer and was used to rotate magnetic
stir bar in individual wells of the aluminum block. The
spinning stir bar greatly facilitated the mixing of the
solution within the well and reduced concentration
gradients around the fiber and agar.
(4) a freezing head bayonet fitting, which was attached
to a rectangular bar that slid with ease in the vertical
direction along the two guide posts on each end of it.
The position of the freezing head mount was fixed in the
horizontal position.
(b) Aluminum block with nine teflon wells, as described
above I on cold stage reservoir.
(c) After the freezing head was inverted, it was placed in
the freezing head mount and gently lowered onto a 100 J.l.1
bubble of solution contained in one of the pre-positioned
teflon wells of the aluminum block. The teflon well was
pre-positioned directly below the fiber. Once the freezing
head was lowered onto the bubble of solution, minor changes
of position of the well were made to assure that it was
centered about the planchet.
(d) For solution changes, the freezing head was raised off
the the teflon well, and the teflon well with the new
solution was put in position beneath the fiber. With the
freez ing head in the raised pos ition, a sma 11 vacuum
cannula was used to aspirate carefully the solution around
the agar and fiber region, without directly touching the
vacuum cannula orifice to the fiber or agar. Once the old
solution was adequately aspirated, the fiber was quickly,
but gently, lowered onto the bubble of new solution, and
minor adjustments were made to the aluminum block such that
the teflon well containing the new solution was centered
about the planchet (figure drawn by Nosta Glaser).
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During the movement of the fiber, which was mounted on
the freezing head, from one trough to another, the freezing
head was first raised by sliding the freez ing head
vertically. The fiber was stabilized briefly in air (5 to
10 seconds) while the new trough was positioned directly
beneath the freezing head, and the solution that was still
present around the fiber/agar complex, from the old trough,
was carefully removed with a very small vacuum cannula
system (see FIGURE 26d). The freezing head mount was then
gently lowered until the fiber was immersed in the solution
of the new trough.
III.G. QUICK FREEZING APPARATUS
III.G.l. TYPES OF FREEZING APPARATUS EVALUATED FOR USE IN
THE PROJECT
Ultra-rapidly freezing muscle tissue in an adequate
and reproducible manner was the single most difficult
challenge of this investigation. Five different types of
freezing apparatuses were evaluated, in the search for the
most satisfactory device for the proj ect. The common
feature of all of these freezing apparatuses was the use of
a cold meta 1 surface, against wh ich the spec irnen was
frozen. The cold metal surface method took advantage of
the excellent heat transfer characteristics between
hydrated biological specimens and solid surfaces of high
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thermal conductivity and heat capacity. Thus, with this
method of freezing, high enough cooling rates were achieved
so that only microcrystals of ice were generated, having
minimal effects on biological macromolecular structure to
depths of 10-20 ~m from the frozen surface of the muscle
fiber (Bald, 1985, 1986; Roberts & Sleytr, 1985; sitte et
al., 1987; Zierold, 1990). Four of the five freezing
apparatuses tested were commercially available: 1) RMC
cryopress, 2) Reichert-Jung MM 80 (meta 1 rni rror
cryofixation system), 3) LifeCell (Phillips) CF 100
cryofixation system and 4) Med-Vac
designed after the Heuser-cryopress).
cryopress (which was
The other freezing
apparatus, which was the first to be
clamping device patterned after the
tested, was a freeze-
"smasher" of Ferenczi
et al. (1984). Thi s dev ice was constructed in the
laboratory of Dr. Yale Goldman, who supervised its
construction by Mr. Joe pili and Marcus Bell.
The freeze-clamping device was originally used by
Ferenczi et al. (1984) to follow the kinetics of ATP
cleavage in chemically skinned, rabbit psoas muscle fibers
which were activated from rigor by photolysis of
radiolabelled caged ATP. The role of the freeze-clamping
device was to stop abruptly the chemical reactions involved
in ATP cleavage in the muscle fibers once they had been
rapidly activated by photogeneration of the radiolabelled
caged ATP. The freeze-clamping device constructed in Dr.
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Goldman's laboratory consisted of two copper blocks 5 X 5 X
6 mm3 each, which were attached by means of removable pins
to two lever arms. Initially, the copper blocks were
immersed in liquid nitrogen contained in polystyrene cups
(see FIGURE 27a). On command, the lever arms swung up and
the cups of nitrogen moved out of the path of the clamps
(see FIGURE 27b). At a pre-fixed height of elevation the
lever arms would then fall under the influence of gravity.
A muscle fiber was positioned so that it was aligned along
the long axis of the copper blocks, perpendicular to the
plane of the lever arm. When the copper blocks carne
together after the fall, they would rapidly freeze the
fiber which was pressed between them. A mechanical latch
kept the blocks from separating once they contacted the
fiber (see FIGURE 27c). In our hands, reproducible
freezing of single muscle fibers was obtained using this
freeze-clamping device, but relaxed fibers were always
stretched from the length they had just prior to freezing
with the copper blocks. This suggested a severe mechanical
perturbation was occurring during the freezing event, which
led to the stretching of the relaxed fibers. Several
attempts were made to determine the cause of the fiber
stretching, but the major contributing factor was never
unambiguously isolated. It was suspected that very slight
variability in the location of the plane of impact of the
copper blocks was the cause of the fiber stretching.
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FIGURE 27. The freeze clamping device modeled after the
design of Ferenczi et al. (1984). (a) Arms extended
horizontally in the "cool-down mode. II The copper blocks
were bathed in liquid nitrogen which was contained in
polystyrene reservoirs. (b) Arms extended up in "armed
mode. " As . the arms moved up, the polystyrene cups
simultaneously were moved back out of the front plane. The
lever arms for both the copper blocks and those that held
the polystyrene liquid nitrogen reservoirs swung on
precision ball-bearings and were synchronized by fine-pitch
spur gears and moved by stepper motors. When the arms were
raised to a pre-determined height, they would then fall
under the inf luence of gray i ty and came together to
sandw ich the muscle fiber in between them. (c) A
mechanical latch, located about mid-way up the arm,
prevented the copper blocks from separating once they came
in contact (drawn by Nasta Glaser).
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One attempt to circumvent stretching the fiber during
the impact was made with a variation in the design of the
freeze-clamping device. The copper blocks were replaced by
aluminum blocks filled with "freon Popsicles" (see FIGURE
28) . The intended advantage of using frozen "freon
Popsicles" was that the surface of the frozen freon was
slightly melted prior to contacting the fiber I which we
predicted would eliminate or at least minimize the
stretching of the fiber. However, relaxed fibers frozen by
this method also showed a stretch from their rest length
(i.e. the length of the fiber prior to the freezing event).
It was speculated that the stretching may have occurred
from the liquid freon squirting from between the blocks
upon impact, along the long axis of the fiber, however the
exact cause for the stretching was never directly
identified. Given these difficulties with the freeze-
clamping device, it was abandoned for a commercially
available cryopress which was thought to imposed fewer
mechanical perturbations to the fiber during the freezing
event.
Of the four commercially available freezing
apparatuses, the RMC cryopress, the Reichert-Jung MM 80 I
and the Lifecell CF 100 cryofixation system are all very
similar in design and usage. All three have the following
features: 1) a pneumatic plunger system with linear force
(in which both the slamming speed and pressure after
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FIGURE 28. In an attempt to circumvent the unwanted effect
of stretching the muscle fiber during the impact of the
freezing event, freon popsicles, formed and held in
aluminum molds, were substituted for the copper blocks on
the freeze-clamping device. The surface of the freon was
slightly melted while the arms were up in the "armed mode"
just prior to freezing the musc1e fiber. (a) Aluminurn
block with freon popsicles on the fall to the muscle fiber.
Note that the region of the surface of the freon Popsicles
which first comes into contact with the fiber is slightly
melted (designated in the figure by "soft freon") to avoid
stretching the fiber on contact. (b) The frozen muscle
fiber, surrounded by the solid freon, after the aluminum
blocks came together.
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initial contact can be varied independently in the
Reichert-Jung machine); 2) very compact freezing units,
which made the plunge trajectory short (on the order of one
to two inches) and, in general, mechanically very stable;
3) a temperature sensor at the cryogenic block surface; 4)
a pneumatic shutter system, which minimized cryogenic block
exposure to atmosphere and hence contamination during
sample delivery; 5) easy-to-read gauges, which indicated
cryogenic block surface temperature; 6) easy to mount
specimen holders; and 7) amenable to the use of 1iquid
nitrogen. The Lifecell machine (see FIGURE 29) was
superior to the other two machines, however I because of
several additional features: 1) a gold plated, pure copper
cryogenic block with mirrored surface maintained in a
hydrocarbon-free vacuum chamber; 2) an automatic block
regeneration in vacuum; 3) a reversal of vacuum at the
instant of sample delivery; and 4) a pneumatic plunger
system designed to deliver specimen in bounce-free
conditions. All three machines gave reproducible freezing
(approximately 50% of the samples were well frozen) with
liquid nitrogen as the cryogen. They all had sample
holders attached to a sponge which provided cushioning for
the impact; thus designing a transducer holder which could
accommodate the compression of the sponge while still
protecting the transducer was a problem. In fact, this was
the primary reason for not choosing the LifeCell CF 100 as
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FIGURE 29. The LifeCell CF 100 cryopress. The LifeCell
cryopress was appealing as a freezing apparatus because of
the short trajectory of the specimen on the plunger rod
before impacting with the copper block (ca. 3 cm). It was
also appealing because it had variable plunger speed,
variable force of initial impact, and variable pressure of
plunger rod on copper block after the initial contact was
made. The LifeCell CF 100 was extremely mechanically
stable and adaptable to the type of specimen being frozen.
The most appealing feature of the LifeCell cryopress,
perhaps, was that the copper block was kept under a vacuum
until just prior to the freezing event, when the vacuum was
released and positive pressure from dry nitrogen was blown
over the surface of the copper block (see inset of figure
for a diagram of the pneumatic vacuum system within the
cryopress). The chief disadvantage of this system was that
the specimen was mounted onto a sponge at the end of the
plunger rod (see text for explanation of this disadvantage,
figure drawn by Nasta Glaser).
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the freezing apparatus for the project. Furthermore, a
transducer holder had already been designed and was being
used on the Med-Vac cryopress. This freezing apparatus,
originally designed and developed by Heuser et al. (1979),
had been demonstrated by several investigators to provide
adequate and reasonably reproducible freezing. For these
reasons we decided to use the Med-vac (Heuser-Reese-type)
cryopress.
III.G.2. THE Med-Vac CRYOPRESS
III.G.2.a. Introduction to the Med-Vac cryopress
FIGURE 30 shows the modified version of the cryopress
quick-freezing apparatus I which was bought from Med-Vac
Inc., and was employed as the freezing apparatus for the
ultra-rapid freezing experiments described in this thesis.
The apparatus used a guided free-fall slider mechanism
which thrusted the specimen against the cold copper block.
Included in the design were four features: (1) the cold
copper block was thermally isolated from the freezing head,
and thus the sample, (2) a mechanical design that, when it
was well aligned (see FIGURE 31) I ensured low-vibration
transmission of the sample to the cold block, (3) it had an
electromagnetic "catch" mechanism to help prevent sample
bounce during freezing (prevention of bounce was critical
for good freezing), (4) and a shutter covered the block
until the specimen fell and, together with a gas flush
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FIGURE 30. The Heuser-Reese cryopress in the up latched
position . Activation of a solenoid released the plunger
rod, to which the freezing head was attached, to fall
towards the copper block below, under the influence of
gravity. Simultaneous with activation of the solenoid, the
shutter over the liquid helium reservoir housing the copper
block began to open, and the electromagnet around the base
of the reservoir was also activated. The electromagnet
prevented the freezing head from bouncing off the base of
the reservoir once the initial contact was made. In
exper iments where the laser was triggered after the
freezing head was released from the up latched position, a
flag extending off the plunger rod would pass through an
opto-electronic interrupter (0.E.I.) device. By breaking
the established beam in the O.E.I., the laser was
triggered. To the right of the cryopress is the helium
transfer line from the 30 or 60 liter helium tank typically
used in these experiments (drawn by Nosta Glaser).
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FIGURE 31. Alignment of the freezing head/plunger rod
assembly with the electromagnet on the helium reservoir
platform was performed by placing thin aluminum foil shims
(25 ~m thick) equidistant around the circumference of
contact between the freezing head and the inactivated
electromagnet as illustrated in the figure. The teflon
shock absorbers, on which the platform containing the
helium reservoir was suspended, were adjusted until there
was equal pressure on all the shims around the
circumference of contact between the freezing head and the
electromagnet (by gently pulling on each of the shims, one
was able to quickly check for this). Then the whole
platform itself was pushed downward to check that it moved
vertically without tilting during the compression of the
shock absorbers. If tilting of the reservoir occurred, the
shock absorbers were re-adjusted and the shim test was re-
iterated until the alignment of the freezing head/plunger
rod assembly with the helium reservoir platform was
achieved (drawn by Nosta Glaser).
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mechanism, helped to prevent condensation on the block face
and minimized pre-cooling of the specimen.
III.G.2.b. Factors necessary to optimize freezing
Adequate freezing was obtained using the Med-Vac
cryopress, but precautions had to be taken to ensure the
reproducibili ty of the freezing. First, a much higher
yield of well frozen samples (see results section for
criteria of "well frozen samples") were obtained on the
Med-Vac cryopress with liquid helium as the cryogen than
with liquid nitrogen. The use of liquid helium for our
Med-Vac cryopress was first suggested by Dr. Roger craig
and then much later by Dr. Hirose. Theoretical calculations
by several groups have shown that the depth of freezing of
biological tissue, for freez ing on a cold metal surface
method, should be approximately the same with either liquid
nitrogen or liquid helium (Heuser et al., 1979; Bald,
1985) . In practice, however, the reproducibility of
freezing to at least a minimum depth of one micron with
liquid nitrogen as the cryogen was much less than that
achieved with liquid helium: less than 10% of the samples
frozen with liquid nitrogen met the one micron minimum
depth of good freezing criterion, yet with liquid helium
greater than 50% of the samples frozen met the criterion.
It was suspected that the reason for the success with
liquid helium was optimization of the design of the
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freezing chamber. The chamber was designed and then
perfected through several years of experimentation in the
laboratories of Drs. Heuser and Reese. The chamber for
liquid nitrogen, on the other hand, was never fully tested
by the designers. It is likely that the block surface
could much more easily become frosted with condensation in
this chamber simply due how the cryogen was delivered to
the copper block and to the geometry of the cryo-reservoir
that housed the copper block on the cryopress. The liquid
helium was stored in a typical closed system helium dewar
tank, and was forced under pressure (~ 5 oz/in2) into the
bottom surface of the cryo-reservoir (on the cryopress), to
cool the copper block. Thus a steady stream of cool
cryogen passed over the copper block, rising from below the
copper block to cover the top surface. Use of liquid
nitrogen as the cryogen was different it was stored in a
polystyrene holding tank (opened to the surrounding room
air) and was situated about two feet above the cryo-
reservoir. The liquid nitrogen fell under the influence of
gravity, and entered the side of the cryo-reservoir. ThUS,
the difference between use of liquid nitrogen and liquid
helium as the cryogen, was that the liquid nitrogen was
delivered from an open system, not forced into the cryo-
reservoir under pressure, and entered the cryo-reservoir
from the side. Any or all of these differences may have
contributed to the lack of success of good freezing with
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liquid nitrogen as the cryogen.
of storage of the cryogen as
The open vs. closed system
affecting the quality of
freezing was consistent with the fact that the frequency of
well frozen samples with liquid helium was independent of
the relative humidity in the laboratory whereas the
frequency with liquid nitrogen was very dependent on the
relative humidity (unpublished observations by Dr. Clara
Franzini-Armstrong) .
The second major precaution ~n using the Med-Vac
Cryopress was that the freezing head and plunger shaft had
to be aligned so that the steel ring on the freezing head
was parallel to and made optimal contact with the base of
the electromagnet around the cryogen reservoir. Th is
alignment was crucial for preventing the freezing head, and
hence the sample, from bouncing on the copper block during
the first several milliseconds after the initial contact
(for a description of how "bounce" was measured on the Med-
Vac cryopress, see Appendix I at the end of this chapter).
The alignment was equally crucial for preventing the
shearing of the sample during the impact. An alignment
protocol was worked out empirically, by Dr. Hirose and me,
for our Med-Vac cryopress and is illustrated in FIGURE 31
(the protocol is described in detail in the figure legend
of FIGURE 31) •
Finally, it was found that two minor modifications
were needed to provide the critical friction-surface which
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damps vibrations at the moment of impact on the telescope
freezing head. First, the precision-ground stainless steel
shaft of the freezing head was lubricated with a little
silicone stopcock grease (fombulin) to ensure smooth
sliding through the five rubber a-ring bushings inside the
head. Secondly, a spring with a higher spring constant
than the one provided by Med-Vac was employed. These
modif ications , part icular ly the stiffer spr ing , were
necessary to optimally dampen vibrations (bounce) on the
millisecond time scale after initial contact specimen was
made with the copper block.
For the purposes of this investigation, the Med-Vac
cryopress was modified to include optical devices to direct
laser light onto the single muscle fibers to activate them
via the photolysis of caged molecules (e.g., DM-nitrophen
and caged ATP), and to include a transducer
head (as was already described) for
on the freezing
recording the
mechanical transients generated between the photolysis
event and the freezing event. The copper block, against
which the fiber was frozen, was also modified to
accommodate the shape of the modified freezing head.
III.G.2.c. Modification of the copper block
A high purity grade of OFHC (Oxygen Free High
Conductivity) copper was used to make cryoblocks which were
modified from the design of the commercially available
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liquid helium cryoblock for the Med-Vac Cryopress (see
FIGURE 32). The modification of the cryoblocks included
step-turning them from a diameter of 19 mm to 10 mm, and to
a depth to 3 mm. The cryoblocks were modified to relieve
clearance for the transducer holder and delrin clamp on the
freezing head.
The copper block surface was smoothed with fine
sandpaper and then ground and polished on a turning table
coated with a suspension in water of
aluminum oxide. The smoothness of
small particles of
the surface of the
copper block was checked under a dissecting microscope with
low magnification. The copper block was then cleaned with
absolute ethanol and polished to a mirror finish with Wenol
metal polish and cotton wool. The surface was then gold
plated to reduce oxidation. Much care was taken not to
scratch the surface of these cryoblocks, especially the
central region of the freezing surface. The blocks were
handled with broad tipped forceps around the base of the
block (i.e. away from the surface) and stored in an organic
solvent when not in use.
III.H. INSTRUMENTATION
III.H.1. Q-BWITCHED RUBY LASER SYSTEM
The light source for photolysis of DM-nitrophen was a
Q-switched, frequency-doubled ruby laser system (see FIGURE
33). The ruby laser (Lumonics, model QSR2/60) produced a
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FIGURE 32. Ultrapure copper blocks for cooling with liquid
helium. (a) Original from Med-Vac, and (b) modified block,
which has been step turned to relieve clearance for the
transducer and delrin clamp (drawn by Nosta Glaser).
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FIGURE 33. Component layout of Q-switched frequency
doubled ruby laser (modified from the instruction manual
for the commercially available Q-swi tched ruby laser by
Lumonics, model QSR2/60).
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300 mJ maximum output, 30 nanosecond pulse of light at 347
nm , A 4" long and 3/8" diameter ruby rod was held in a
pumping chamber. A flow of distilled water at 18°C
provided optimum water cooling for the laser rod and
flashlamp. The basic optical resonator was provided by a
plane partially reflecting, wedge output mirror and a 5 m
curvature, concave, fully reflecting rear mirror. A
mechanical safety shutter was incorporated in the laser
front plate. The oscillator was pumped by a Xenon-filled
flashtube driven by a high stability power supply. The
resonance of this cavity was damped below the threshold for
laser oscillation by a Pockels cell and Brewster
polarizers. The Pockels cell featured a KD*P crystal set
in a sealed cell containing index matching fluid and anti-
reflection coated windows to give a very low insertion
loss. The polarizer consisted of two plates mounted at the
Brewster angle: no alignment was required, and the
polariser was secured in the pumping chamber rear end
plate. At the peak of the xenon lamp pulse a thyristor
circuit rapidly reduced the Pockels cell voltage (3.2 kV)
to zero, increasing the resonant quality of the cavity to
above the threshold for laser oscillation. This Q-switched
mode of operation (Yariv, 1975) reduced the pulse duration
to ~ 30 nanosecond (full width at half-maximum intensity)
so that the peak intensity was high enough for efficient
frequency doubling.
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The output was frequency multiplied by a harmonic
generator consisting of a rubidium hydrogen arsenate (RDA)
crystal mounted in a precision temperature-controlled oven.
The oven was kept at 45°C to discourage water vapor
condensation on the crystal face, since the RDA crystal was
hydroscopic. The dielectric polarization of the RDA medium
by the electric field of the fundamental 694 nm radiation
was slightly non-linear, leading to the propagation of
radiation at the second harmonic, 347 nm. The RDA crystal
was angle tuned to enhance this second harmonic
propagation. The RDA temperature oven was then followed by
a harmonic separation assembly (HSA) consisting of a pair
of prisms mounted so that a simple adjustment enabled the
double wavelength to emerge along the original 694 nm line.
The unwanted primary wavelength was absorbed in a tubular
shaped energy dump.
The collimated 347 nm beam was ellipsoid in cross-
section, with a long diameter of 5 mm and a short diameter
of 2.5 mm. The beam emerged from the laser and was directed
towards the fiber via two or three multilayer reflective
mirrors (> 99% reflectivity for incidence angles up to 45°
for use in near UVi Newport corporation, P.O. Box 8020,
18235 Mt. Baldy Circle, Fountain Valley, Ca.), as well as a
single cylindrical quartz lens with a focal length of 309
mm (see FIGURE 34 and 35 for the details of the path of the
laser beam to the muscle fiber). Beam alignments were made
168
-+- -
CJjJ· ...~.h •••• j.
FIGURE 34. Optical set up of laser path for later time
points between activation and freezing (i.e., the 30-35 ms
and 210-230 ms time points). The laser beam emerged from
the laser along a horizontal path and was deflected
perpendicularly in the vertical direction by reflecting
mirror 1 (RMl) (RMl was located approximately 50 em from
the opening port of the laser). After deflection from RM1,
the beam encountered RM2, approximately 15 em from RMl.
RM2 then deflected the beam perpendicularly, again, towards
the freezing apparatus, which was along the horizontal that
made a right angle with the axis of the laser. The beam
passed through a cylindrical lens set between RM2 and a
third reflecting mirror (RM3), mounted on the front post of
the freezing apparatus (the distance from RM2 to RM3 is
about 55 crn). RM3 directed the beam up, at an approximate
45° angle, another 15 em to the muscle fiber on the
freezing head. The cylindrical lens had a focal length of
30.9 crnand was placed at a distance of approximately 45 cm
from the fiber during experiments performed for these two
later time points. The cylindrical lens was oriented such
that it also served to compress the beam in the horizontal
direction. This altered the shape of the cross-section of
the laser beam from a circle to an ellipse so that it
conformed more to the shape of the muscle fiber (drawn by
Nesta Glaser) .
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FIGURE 35. The optical set up of the laser path for the
earliest time points (12-15 ms) was identical to that for
the later time points up to the cylindrical lens. For the
12-15 ms time points the cylindrical lens was rotated 900
from its orientation during the later two time points. In
the rotated orientation, the beam was compressed in the
vertical direction. Also, the beam was made to pass
through the lowest part of the lens so that it was
refracted upward at a slight angle. RM3 was removed from
the freezing apparatus because the beam impinged on the
muscle fiber directly after passing through the cylindrical
lens. Thus, it was critical that the beam be refracted
upward by the cylindrical lens as much as possible because
of the shallow angle of approach the beam had with the
muscle fiber on the descending freezing head. Finally, the
lens was moved such that the distance between the lens and
the fiber was reduced to about 35 em so as to focus the
beam on the fiber. This helped to counteract the spreading
out of the beam across the width of the fiber due to the
shallow angle at which the beam impinged upon the fiber
(drawn by Nasta Glaser) .
- ... _ ..- .. ---;.:,:; _ _.
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using a continuous helium-neon laser set on the optical
axis of the ruby laser and directed through to the fiber
location. A fine check of alignment was made by placing a
strip of burn pattern paper (from Kentek Co., P.O. Box 4458
Manchester, NH 03108) at the position of the muscle fiber
and triggering the laser. A "burn pattern" on the black
paper indicated the position and approximate distribution
of the laser energy. The shape of the burn pattern was
between a rectangle and ellipse with the long and short
diameters being 4-5 mm and 1-2 mm repectively. The burn
pattern revealed the greatest intensity of the beam was in
the center with dimishing intensity radiating outwardly.
III.H.2. TENSION RECORDS: TIMING PULSES, AMPLIFICATION, AND
STORAGE
Tension was continuously recorded on a slow time base
with a chart recorder (Gould 220) and during photolysis
trials on storage oscilloscopes (Tektronix, 5113 dual
beam) . The oscilloscope traces were photographed on
Polaroid (667) film. Tension during the photolysis trials
was also amplified (Pacific Instruments, model 3100),
digitized at 12-bit, 0.1-1.0 ms resolution and stored on
flexible diskettes by a Z80-based microcomputer. Timing
pulses for the oscilloscope, AID converters, freezing head
release, and laser trigger were provided by a
microprocessor controlled, programmable digi ta 1 pulse
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generator (developed by Mr. Marcus Bell). For the longer
time points (220-250 ms), the digital pulse generator
delivered the timing pulse that directly triggered the
laser. For the intermediate and short time points (33-35
ms and 12-15 ms), the laser was triggered as the freezing
head fell towards the copper cryoblock. This was
accomplished by interrupting the optical signal of an opto-
electronic interrupter (0.E.I.) device by an opaque
(metal) flag, which was attached onto the plunger rod (see
FIGURE 30). The O.E.I. device was positioned at a single
discrete position on plunger rod's vertical trajectory; as
the metal flag passed through the O.E.I. device, thereby
interrupting the optical signal, the laser was triggered.
The position of the O.E.I. device therefore determined the
time between the laser flash and the freezing event. For
the intermediate time points, the O.E.I. device was
positioned higher in the vertical descent of the plunger
rod than for the earlier time points (i.e., for the 30-35
ms time point I the indicator of the O.E.I. device was
between the 55-65 em range of the vertical scale mounted on
the cryopress, and at the 12-15 InS time point, the
indicator was between 40-45 em). Finally, once the time
point of interest was chosen; the optics were then adjusted
such that the beam would intercept the fiber on its descent
to the cryoblock.
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:I:[]:. :I. PHOTOGENERAT:ION OF CALC:IUM FROM DM-NITROPHEN AS A
FUNCTION OF LASER ENERGY
The value of the beam's energy at the muscle fiber was
determined by measuring the beam energy with a disc
calorimeter. It was found to be 70-90 mJ for the optical
arrangements used in these experiments, in close agreement
with the energy of the laser beam determined by means of an
energy monitoring photodiode within the laser itself. For
a laser energy of between 70-90 mJ, over a surface area of
approximately 16 mm2 (as measured from the area that the
laser beam made on the burn pattern paper) the energy
density was between 4,400-5,600 J/m2• with an energy
density of between 4,400-5,600 J/m2, the percent photolysis
of the 2 rnM DM-nitrophen was approximately 40-60%, as
determined by HPLC analysis of the photolyzed DM-nitrophen
solution; this degree of photolysis corresponded to a post-
flash pCa between 4.5-5.5, as determined by calcium
electrode measurements (personal communication from Dr.
Barsotti and Dr. Ellis-Davies). Under very simi 1ar
experimental conditions (skinned frog fibers, 10cC, 50 ~m
Mg2+, 3 mM ATP) Godt et al. (1982) showed that peak
isometric force was obtained at pCa values of less than
5.7. Thus, the concentration of caIci um re leased by
photolysis of DM-ni trophen in these exper iments was
sufficient to maximally activate the muscle fibers.
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III.J. QUICK-FREEZING EXPERIMENTAL PROTOCOL
III.I.l. SEQUENCE OF SOLUTIONS LEADING TO AND INCLUDING THE
SOLUTION WITH DM-NITROPHEN
A chart recording of the tension and laser pulse
during the solution exchanges, mounting of the freezing
head on the freezing apparatus, and freezing event are
illustrated in FIGURE 36. After the muscle fiber was
mounted on the inverted freezing head in 5 roM ATP relaxing
solution, the head was placed on the 0-4 °C solution
exchanger. The fiber was equilibrated ln each solution, on
the solution exchanger, for at least 2 minutes. The fiber
was first rinsed twice in 5 rnM ATP relaxing solution, then
in 3 roM ATP relaxing solution, and finally in two changes
of 3 mM ATP pre-act solution. The fiber was then
transferred to the 3 roM ATP solution containing 1.94 mM DM-
nitrophen (at arrow labeled DM-nitrophen), which was made
from the appropriate mixture of activating solutions A and
B as described in the solutions section (III.B.) and in the
example illustrated in FIGURE 36.
III•J.2• ACTIVITIES DURING THE CRITICAL MOMENTS PRIOR TO
THE FREEZING EVENT
At the beginning of the two minute period in the DM-
nitrophen solution, the liquid helium port was opened to
the liquid cryogen chamber, and helium (mostly in the
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FIGURE 36. (Figure on next page).
Continuous chart recording of tension from a single frog
sartorius muscle fiber (lower trace) and photodiode energy
monitor (upper trace) during a typical IIflash and smashII
trial run. Arrows indicate timing of the solution
exchanges, the mounting of the freezing head on the
freezing apparatus I and the laser pulse. The asterisk
indicates where the zero offset was reset manually via
adjusting the offset within the tension amplifier circuit.
The time between individual solution changes was about two
minutes. After the muscle fiber was mounted on the
freezing head, it was placed inverted on the solution
changer. The first solution in which the fiber was
immersed was the 5 mM ATP relaxing solution, indicated at
the first arrow. After a second incubation in the 5 mM ATP
relaxing solution, the fiber underwent incubation in the 3
mM ATP relaxing solution, twice in succession, in two
different troughs. Next the fiber was incubated in two
changes of the pre-activating solution. In the trial
ill~strated, the solution containing the DM-nitrophen had a
pCa + of approximately 6.3. After the pre-acti vation
incubation, the fiber was immersed in the solution
containing DM-nitrophen (note: there was a slight rise in
tension during this incubation). Just prior to removing
the freezing head from the solution changer and placing it
on the freezing apparatus, the laser was charged I as
indicated by the negative spike in the upper trace. The
freezing head was mounted on the cryopress at the time
indicated by the bold arrow, just prior to the last large
spike in the tension record. Note that the tension
remained approximately level as the solution was aspirated
from the fiber during the seconds before the drop of the
freezing head. The last large spike in the tension record
spans the time of about 200 ms, during which the following
three events occurred: (1) dropping of the freezing head I
(2) firing of the laser, and (3) the freezing of the
muscle. The fast time base in FIGURE 37 offers sufficient
time resolution to easily resolve these events.
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gaseous form) cooled the chamber. The cooper block was
then removed from the Freon 113 with broad tipped tongs and
any remaining Freon was blown off the block with a 1000
watt hair-drier. once the block was completely dried of
freon , it was quickly inserted into the pre-cooled
cryoblock holder. A piece of corrugated plastic (1 mm
thickness), was then placed over the shutter to the helium
reservoir to deflect helium vapors from rising vertically
and pre-cooling the fiber before the. freezing event. A
small plastic bag was placed over the mirror mounted on the
front of the freezing apparatus (RM3) to prevent
condensation on the surface of the mirror as the cool
helium from beneath the shutter flowed past the mirror
surface. A large beam stop was placed between the freezing
head and the cylindrical lens prior to the charging of the
laser I as a precautionary measure to protect people in
front of the cryopress from getting hit by the laser in the
event of a premature firing of the laser (e.g., if vapor
from the helium were to become dense enough to
the opto-electric interrupter and trigger the
fire) . When the thermocouple gauge of the
interrupt
laser to
Med-Vac
cryopress control unit read between 6.7 and 6.9 (arbitrary
units) I the laser was manually charged (indicated by a
negative deflection of laser energy on the strip chart) and
the freezing head was then removed from the trough changer
and mounted on the freezing apparatus (FIGURE 36). The
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specimen mount was then rotated relative to the freezing
head so as to orient the fiber with the laser beam. Next,
kimwipes were used to wipe the frost that had collected on
the top and particularly around the periphery of the
shutter. The plastic covering previously placed on the
third mirror (RM3) was then removed. The bubble of
solution surrounding fiber and agar area was aspirated with
the vacuum cannula. Subsequently, the dig ita1 pulse
generator was activated, and the following sequence of
events occurred in an approximately 200 ms span of time: 1)
the freezing head was released to fall, while the shutter
over the copper block began to open and the electromagnet
around the top of the helium reservoir was activated; 2) as
the freezing head descended towards the copper block, the
laser was triggered to fire by the opaque flag, which was
attached to the plunger rod, passing through the O.E.I.
device; 3) the laser beam intercepted the fiber on the
freezing head's descent, whereupon the fiber was abruptly
activate; 4) milliseconds after the photolysis event, the
activated fiber was ultra-rapidly frozen against the liquid
helium cooled, gold plated copper block; and 5) the fiber
was then held in contact with the copper block by a
combination of the electromagnet's pull on the freezing
head and the compression of the spring between the base of
the freezing head and around the collar of the specimen
mount pushing the specimen mount against the copper block.
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The sum total of the events described in this section
resulted in a single "flash and smash" trial run.
III.J.3. THE FREEZINGEVENT
The laser pulse resulted in rapid activation of the
fiber as shown in the faster time-base recording of tension
and laser energy (see FIGURE 37). Note in the slow time
base (FIGURE 36) I the laser energy was represented by a
single vertical line at the laser pulse. In the faster
time-base the laser energy was represented by a decay ing
exponential curve (see inset of FIGURE 37). The amplitude
of this recording was proportional to the energy of the
laser pulse I measured by a photodiode housed within the
laser itself I as the beam was emitted from the laser. In
this particular trace, the fiber was frozen 33 ms after
activation ("freeze"), and the tension recorded after that
point was meaningless. After contact of the specimen with
the copper block, the freezing head continued to descend
towards the electromagnet and the specimen mount part of
the freezing head smoothly telescoped into the base of the
freez ing head. The platform on which the electromagnet
catch assembly rests, absorbed the momentum of the falling
freez ing head and plunger rod by riding down on smooth
shock-absorbers. The magnet remained activated for 2 sec
at 90 V, then the voltage was dropped to 24 V and a high
pitched tone sounded until the magnet was deactivated for
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FIGURE 37. Fast time base recording of a typical' "flash
and smash" trial run. The arrow labelled "drop" indicates
when the freezing head was released to fall under grav~ty
towards the copper block. The arrow labe 11ed IICa +"
indicates the release of calcium by laser photolysis of DM-
nitrophen, about 170 ms later. Finally, at the arrow
labelled "freeze,1Ithe fiber was frozen 32 ms after it was
activated. The tension signal after the freezing event was
meaningless. The amplitude of the spike in the inset was
the voltage sensed by the laser system photodiode energy
monitor for display on a cathode ray oscilloscope. The
energy monitor calibration for the laser was 50 mJ/V.
Thus, the laser pulse shown in the figure was approximately
80 mJ. The actual duration of the laser pulse was about 30
nanoseconds; thus, the shape of the trace in the inset was
related to the shape of the response of the photodiode (or
some component in the circuit) during the measurement of
the laser energy, and not to the laser pulse duration.
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release of the specimen head. In the first seconds after
the freezing event, the tension lead was disconnected from
the freezing head, and the head was then separated from the
plunger rod which was raised back to its pre-release
position.
freezing
The electromagnet was then deactivated and the
head was rapidly removed from the freezing
apparatus, carried through room air, and immediately
submerged into a small container of liquid nitrogen. The
level of nitrogen in this container was high enough so that
the fiber, the transducer holder and a portion of the
plunger rod was kept well below the surface of the liquid.
The freezing head was then transferred through room air, in
a single swift motion, to a larger container of liquid
nitrogen. There was a possibility of the fiber warming up
during the transfer through room air, but since we always
did the transfer in this manner, and we were able to obtain
a high quality of freezing on several samples, it was felt
that the fiber was not warming up to a dangerously high
temperature (i.e., > -130 °C) during the transfer. Once
the transfer was made, the planchet was separated from the
freezing head under liquid nitrogen, as described below and
stored in a vial until subsequent processing for electron
microscopy.
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III. J. 4. RECYCLING THE CRYOPRESS AND STORAGE OF THE
SPECIMEN
The cryopress was "recycled" and readied for another
freezing run by removing the copper block from the freezing
apparatus and briefly immersing the block into ethanol
followed by a thawing in a water bath (which was set at
SOOC) for about one minute. The block was then sonicated
in ethanol for one to three minutes to remove any surface
debris. The remaining ethanol was then dried from the
block with a 1500 watt hair-drier and placed in Freon 113
for storage.
The planchet was separated from the freezing head
under liquid nitrogen. The first step in this procedure
was to cut the T-clip on the transducer end of the fiber
from the hook, under liquid nitrogen, with a small pair of
pre-cooled scissors. The planchet was pried off from the
freezing head, with a large pair of insulated forceps. The
freed planchet was usually examined under a thin layer of
liquid nitrogen with the naked eye using a bright and
focused light source, such as a pen flash light, to assure
the fiber/agar complex was still on the planchet. The
planchet containing the specimen was then transferred under
liquid nitrogen to a 50 ml centrifuge tube and stored in
liquid nitrogen until processing for electron microscopy.
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III.X. PROCESSING OF SPECIMENS FOR ELECTRON MICROSCOPY
III.X.l. FREEZE SUBSTITUTION
Freeze substitution was carried out by standard
procedures (van Harreveld & Crowell, 1964; van Harreveld et
al., 1965; see also Steinbrecht & MUller, 1987). specimens
attached to their planchets were kept under liquid nitrogen
until just before immersing them into glass scintillation
vials which contained 3 mls of either 4% Os04 or 0.1%
tannic acid in supercooled acetone (Hirose & Wakabayashi,
1988). These vials were then placed into a small volume of
liquid nitrogen and freeze substituted in a -80°C freezer
(Forma Scientific Bio freezer) for 48 to 72 hours. The
specimens were then placed at -20°C for three hours,
followed by three rinses of fresh acetone, each for 15
minutes. The samples were then incubated with fresh 4%
Os04 in acetone at -20oe for one hour, then progressively
warmed to room temperature over the next 1 1/2 hours.
After three rinses (15 minutes each) with pure acetone at
room temperature, the specimens were bulk stained in 1%
uranyl acetate (saturated) in acetone for three hours, then
rinsed three times (15 minutes each) in pure acetone, and
then stored overnight at 20°C. This final overnight
washing of acetone seemed to be critical in minimizing the
over staining of the fibers.
The specimens were removed from the freezer and thawed
to room temperature, rinsed in acetone then infiltrated in
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Araldi te. Each sample was cut into several pieces and
oriented in the unpolymerized Araldite such that one block
was used for transverse sectioning, two or more for
longitudinal sectioning (tangential to the plane of
freezing), and the remaining for longitudinal sectioning
(perpendicular to the plane of freezing), to examine the
freezing gradient.
III.X.2. ULTRAMICROTOMY AND ELECTRON MICROSCOPY
Sections, 20-90 nm thick, were cut using a diamond
knife mounted on a RMCMT 6000 microtome. The sections
were floated onto 600 mesh copper grids and after drying,
they were stained with 4% aqueous uranyl acetate and lead
citrate (lead triple stain) and observed in a Phillips 410
transmission electron microscope operated at 60 kV. No
attempt was made to determine the degree of out-of-focus
for each image, and thus this parameter was random among
the micrographs presented in this thesis. All micrographs
were taken on Kodak electron microscope film # 4489.
III.K.3. OPTICAL DIFFRACTION PATTERNS
optical diffraction (0.0.) patterns were obtained
from electron micrographs at three different
magnifications: 10/200; 24,400; and 44,400 X on a standard
surveying laser (optical) diffractometer (see FIGURE 38)
based on a design by Salmon & DeRosier (1981) with
modifications made by Dr. Weisel. The area of the
micrograph that was chosen to be diffracted, was stopped
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down by a rectangular mask. For the 10,200 magnification
micrographs, 0.0. patterns were taken from whole A bands.
For the 24,400 and 44,400 magnifications 0.0. patterns were
taken only of the overlap region of one-half of the A band.
All spacings in the diffraction pattern were measured with
a ruler on prints of the patterns. The third order myosin
meridional reflection was taken to be at the 143 A subunit
axial repeat spacing (in accordance with X-ray data) in all
the 0.0. patterns. All other meridional and off-meridional
layer line spacings
corrected using this
in the diffraction patterns were
143 A. reflection as a calibration
factor. For example, the calculated spacing for the first
myosin layer line in the O.D. pattern of a relaxed frog
sartorius muscle fiber was determined by the following
procedure. Let the distance across the equator of the two
third order meridional spots be designated by the letter
"aII I and the distance across the equator between the two
first myosin layer lines be designated by the letter "b".
The spacing of the myosin first layer line is then
calculated as (bfa) * 143 A.
Also the full-width at half maximum intensity of the
143 A. meridional spot was measured for several diffraction
patterns as is described in the RESULTS and DISCUSSION
chapters (see TABLE III & FIGURE 77). The method of
measurement was done fairly crudely by eye and with the use
of a ruler. Thus the half maximum intensity of the 143 ~
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spot was estimated by eye, and a ruler was used to measure
that estimated distance. The distance between the two 143
A meridional spots (i.e., across the equator) was then used
to calibrate in real space the distance of the full-width
at half maximal intensity distance of the meridional spot.
Clearly this crude method of measurement will have
associated with a it fairly large error, particularly when
one uses one's eyes as a densitometer, but this approach
was taken for the purposes of being able to compare
numerically the change in the width of the 143 A meridional
spot as a function of time after activation. Furthermore,
we are currently in a collaboration with Dr. John Murray to
go the next step in this project which is digitization of
the electron micrographs for image analysis. We are hoping
to more precisely determine the full-width at half maximum
of the 143 A meridional spot with the more quantitative
image analysis approach.
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FIGURE 38. The surveying optical diffractometer modeled
after the design of Salmon & DeRosier (1981) and built by
Dr. John Weisel. An electron micrograph was placed in the
micrograph holder, and the mask stopped off the region of
the micrograph to be diffracted. with the field lens in
place, an image of the stopped off region of the electron
micrograph was seen in the eyepiece of the camera. When
the field lens was removed, a diffraction pattern appeared
in eyepiece of the camera, corresponding to the optical
diffraction pattern of the stopped off region of the
electron micrograph (drawn by Nosta Glaser) .
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APPENDIX I: THE BOUNCE MEASUREMENT
The goal of freezing biological tissue, in a vitreous
or amorphous state, is to remove the heat fast enough from
the tissue so as to prevent ice crystal formation within
the tissue, which could perturb or even destroy the native
ultrastructure of the tissue. It is generally accepted by
researchers specializing in low temperature microscopy that
a critical cooling rate of 104 oe/s is necessary to prevent
excessive ice crystal growth in relatively large specimens
(> 10 J,Lm, Reichle, 1968; Bald, 1985, 1986). Therefore,
when freezing biological tissue on a cold metal surface,
such as a copper block, it is important to prevent
"bouncing" of the specimen on the block, because breaking
the contact between the specimen and the block reduces the
speed of heat removal and thus lower the cooling rate.
Therefore, it was critical eliminate any bounce in the
Heuser-Reese cryopress freezing apparatus on a millisecond
time scale. In order to measure bounce on the millisecond
time scale we set up the following circuit. A 15 V power
supply and a 10 Kn resistor were connected in series across
the freezing head and the copper block. oscilloscope leads
were connected to either side of the resistor. A planchet
with agar block was mounted on the specimen mount, and a
thin piece of aluminum foil (which covered the agar block)
was placed on the planchet, and made to contact the lead
from the power supply.
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When the freezing head was released, and came into
contact with the block, the oscilloscope immediately
registered a 15 V shift as it measured the power source
voltage in the completed circuit. Bounce behavior could be
followed simply by adjusting the sweep speed in the
millisecond time range (see FIGURE 39). Minimal bounce, on
the Heuser-Reese cryopress, was primarily dependent on
having a sufficiently stiff spring between the collar of
the specimen mount and the base of the freezing head. The
spring was compressed when the specimen mount impacted on
the copper block. In fact, the spring provided by Med-Vac,
was not sufficiently stiff to minimize the bounce, and an
alternate spring was used in its place. FIGURE 39& shows
the trace of the bounce measurement with the spring
provided with the cryopress, and FIGURE 39b shows an
example of the bounce measurement after the new, stiffer
spring was employed and the bounce was minimized. Notice
there is no detectable break in the electrical contact
between the freezing head and the freezing block on the
millisecond time scale in FIGURE 39b where the stiffer
spring was used.
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FIGURE 39. Traces of voltage vs. time for the bounce
measurement on Med-Vac cryopress, the circuit for which was
des cribed in the text 0f the append ix. (a) Bounce
measurement on freezing head with spring provided by Med-
Vac. Notice that the electrical contact initially
established between the head and the block was interrupted
several times over the 50 ms of the recording. This
contrasts with the trace in (b) where once contact was
made, it was maintained, as indicated by a flat line across
the trace at 15 V.
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APPENDIX II: SAMPLE SIZE FOR IMAGES AND 0.0. PATTERNS
In all chapters of the thesis, unless otherwise stated, the
observations made from images of ultra-rapidly frozen
fibers and their O.D. patterns were taken from the sample
size presented in TABLE A and TABLE B.
TABLE A
SAMPLE SIZE FOR IMAGES OF FIBERS
state 1 of freezing runs 1 of well 1 of sarcorneres
of giving well frozen frozen observed
fiber fibers fibers
Relaxed 4 5 875
Pre-flash 4 4 230
Rigor 1 1 110
12-15 ms after
activation 2 2 165
30-35 rns after
activation 1 2 115
210-230 ms after
activation 5 5 225
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state
of
fiber
Relaxed
Pre-flash
Rigor
12-15 ms after
activation
30-35 ms after
activation
210-230 after
activation
TABLE B
SAMPLE SIZE FOR 0.0. PATTERNS
It
of
fibers
3
4
1
2
1
2
It of 0.0. patterns
(region of sarcomere from which
0.0. patterns were taken)
Whole ~ Overlap Non-overlap
A-band A-band (A-band) (A-band)
31 3 498
21 6 5
10 20 4
15 34
1 5 4
16 25
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CHAPTER IV. RESULTS
IV.A. FREEZING QUALITY
Excellent ultrastructural preservation of skinned
muscle fibers was obtained through ultra-rapid freezing,
using the modified Med-Vac Cryopress, followed by freeze-
sUbstitution and further processing for electron
microscopy. criteria for good freezing were established by
observing the gradient of structural alterations that
occurred from the edge to the interior of the fiber. This
analysis of the freezing gradient indicated that the
earliest defects occurred in the most densely packed areas
of protein: Z-lines first and the overlap region of the A-
band second. The two most obvious defects were empty holes
(where ice crystals had been located) and regions of
collapse of filaments against one other. FIGURE 40 shows a
long i tudina I section cut per pend icular to the frozen
surface. As one scans the micrograph from the well frozen
edge (i. e., at the bottom of the image) into the fibers
interior, the freezing gradient becomes apparent. Note the
irregular holes in the A-band and Z-line, and the obvious
collapse of filaments against one another at the upper edge
of the micrograph. In contrast, the images in FIGURES 41,
42 & 43 exemplify all the features characteristic of well
frozen muscle tissue.
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FIGURE 40. Image of a skinned frog sartorius muscle fiber,
frozen in the relaxed state. The plane of section is
perpendicular to the frozen surface, thus providing a view
of the freezing gradient. In this region of the fiber, the
well frozen area extends about 7-8 ~m into the fiber. In
the lower half of the image, the region of well frozen
tissue, one can see excellent structrual preservation.
For instance, both the A-band and the Z-lines are intact
and there are clear periodicities within the overlap region
of these sarcomeres. In the upper half of the image (i.e.,
in the area of the poorly frozen muscle) one can see
collapse of the filaments (both in the A-band and I-band)
as well as irregular holes in the overlap region and in the
Z-line. Furthermore, periodicities in the overlap region
are much less apparent or absent. Final mag. X 15,300.
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FIGURE 41. (Figure on next page) .
Image of a skinned frog sartorius muscle fiber, ultra-
rapidly frozen in the relaxed state, on the Med-Vac
cryopress. Structural features of this thin longitudinal
section, indicated an acceptable quality of freezing. For
instance, the Z-lines showed no irregular spaces due to ice
crystal formation. Notice the periodic transverse stripes
in the overlap zone at a spacing of approximately 430-435
J..., which extended most of the width of the sarcomere
(arrows perpendicular to the long axis of the sarcomere).
These stripes were attributed primarily to c-protein and
other thick filament accessory proteins. A grazing view of
the image at a 45° angle to the axis of the fiber revealed
the helical periodicity of the thick filaments, which was
apparent as a set of diagonal lines separated by a spacing
of approximately 429 A (arrows diagonal to the long axis of
the sarcomere). The periodicities that were clearly seen
by visual inspection of this image were substantiated by
optical diffraction (0.0.) of the electron micrograph (the
diffraction pattern of this micrograph is shown in FIGURE
44). Finally, there were no large irregular gaps between
the thick and thin filaments. (The four white circles
demarcate the region from which the 0.0. pattern, in FIGURE
44, was taken). The plane of section was parallel to the
edge of the fiber that first contacted the cryoblock when
the fiber was frozen. Final mag. X 76,000.
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FIGURE 41
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FIGURE 42. (Figure on next page).
Image of a skinned rabbit psoas muscle fiber in the relaxed
state, ultra-rapidly frozen on the Heuser-Reese cryopress.
All of the features that indicated a well frozen sample in
FIGURE 41 also apply to the image in this figure. The z-
lines in this image were intact with no detectable
irregular spaces due to ice crystal formation. The helical
periodicities of the thick filaments were present and
visible in the A-band, as were the transverse periodicities
due the C-prote in and other thick filament accessory
proteins (arrows in the overlap region of one of the
central sarcomeres indicate the transverse stripes created
by the C-proteins and other thick filament accessory
proteins). The obvious periodicities present in the image
were further sUbstantiated by o.D. pattern (FIGURE 45).
The thick and thin filaments were ordered across the
sarcomere, with no large and irregular gaps visible from
ice crystal damage. (The inset in the lower left corner of
the figure is the overlap region from which the 0.0.
pattern, shown in FIGURE 45, was taken). Final mag. of
figure X 28,000; final mag. of inset X 45,500.
197
FIGURE 42
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FIGURE 43. Image of a chemically skinned frog sartorius
muscle fiber in the rigor state. All the good freezing
criteria indicated in the figure legend of FIGURE 41 were
satisfied for this image. The predominant A-band
periodicity was that of the actin filament, due to cross-
bridge labelling, and was at a spacing of approximately 360
~ (arrows diagonal to the long axis of the sarcomere). The
O.D. pattern from this image (shown in FIGURE 46)
substantiates the presence of a strong 360 ~ period. (The
four white circles in the overlap zone demarcate the region
from which the O.D. pattern, shown in FIGURE 46, was
taken). Final mag. X 61,200.
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criteria used to determine diffraction
(l) The absence of irregular spaces and holes arising from
ice crystal formation in the structures of the sarcomere,
particularly in the more compact structures such as the z-
line or the overlap region of the A-band.
(2) The presence of visible periodicities in regions of the
sarcomere where periodicities are expected to exist based
on X-ray diffraction data of live muscle. For example:
(a) the 430-435 A transverse repeat in the A-band
produced by the thick filament accessory proteins (C-
proteins and others) in the images of relaxed fibers
(FIGURES 41 & 42),
(b) the 429 A helical repeat of the thick filaments
(also in the A-band) in the images of relaxed fibers
(FIGURES 41 & 42), and the 360 A helical repeat of the
myos1n heads labeling the actin filaments in the image
of the rigor fiber (FIGURE 43).
These periodicities were confirmed by the optical
diffraction (O.D.) patterns e.g., see FIGURES 44, 45, &
46 for the O.D. patterns of the images in FIGURES 41, 42 &
43 respectively).
(3) The presence of ordered thick and thin filaments across
the width of the sarcomere (i.e. no large irregular gaps
between filaments due to ice crystal formation).
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FIGURE 44. 0.0. pattern of the marked region of FIGURE 41
(relaxed frog sartorius muscle fiber). The 0.0. pattern
was dominated by meridional spots and layer lines resulting
from the periodic structure of the myosin thick filaments
and indexing on an approximate 429 A repeat. The
meridional spots and layer lines extend out to the sixth or
seventh orders I indicating a resolution of periodic
structures in the image on the order of 61 ~.
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FIGURE 45. 0.0. pattern from the inset in FIGURE 42
(relaxed rabbit psoas muscle). This pattern for the rabbit
psoas fiber was dominated by the periodicities of the thick
filaments indexing on a 429 A repeat. The 0.0. pattern in
this figure had meridional and layer lines which extended
out to the third or fourth order indicating a resolution of
periodic structures in the overlap zone, from which the
pattern carne,on the order of 107 A.
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FIGURE 46. 0.0. pattern from the region marked in FIGURE
43 (frog fiber in rigor). This 0.0. pattern was dominated
by the periodicities of the thin filament. The intense
first layer line had a reciprocal spacing of 1/360 ~-1.
The third order meridional spot had a reciprocal spacing of
1/143 A-l. There were also two layer lines with weaker
intensities at reciprocal spacings of 1/240 A-l and 1/180
~-1. Thus, this O.D. pattern indicated the presence of a
high degree of periodic order within the overlap region of
the sarcomere in FIGURE 43.
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Also, in areas where one or more of the criteria for
good freezing were not met, an excess of electron density
was occasionally seen disposed with random shape and
posi tion. It appeared as if "bits and pieces" of extra
material were scattered on the background of the images.
Thus, the appearance of these extra, random "bits and
pieces" of electron density in any region of the sarcomere
signaled or triggered the need to heighten the level of
critical evaluation of the quality of freezing in that area
of the fiber.
IV.B. SPECIMEN OF CHOICE: RABBIT PSOAS VB. FROG SARTORIUS
Initially, rabbit psoas fibers were chosen as the
specimen for this investigation for several reasons:
1. Storage of the fiber bundles at -20°C in glycerol meant
less frequent sacrifice of an animal.
2. Rabbit psoas fibers were easy to separate from bundles,
particularly when the bundles were removed from the
muscle and skinned with glycerol (Modi f icat ion of the
method by Eastwood et a1., 1979).
3. Rabbit psoas fibers had been used by others in
experiments in which the fibers were activated from the
relaxed state with DM-n itrophen (Goldma n et ai , 1988 ;
Barsotti et a1., 1989). Therefore, the optimal
conditions and solutions for activation of rabbit psoas
fibers with DM-nitrophen had largely already been worked
out.
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4. Ultrastructural studies, in which rabbit psoas fibers
were ultra-rapidly frozen after being activated from the
rigor state by photogeneration of ATP (Hirose et aL, ,
manuscript in preparation), had been and were being
performed in parallel with this study and would
therefore constitute a source of data with which the
results of this study could be compared directly.
Thus, experiments were conducted in which rabbit psoas
muscle fibers were ultra-rapidly frozen at several time
points following the fiber's activation from the relaxed
state by photolysis of DM-nitrophen. There were two types
of control fibers. The first type, called the "relaxed
controls, ,.comprised fibers that were frozen in the relaxed
state. The relaxed control fibers were never subjected to
the solution containing DM-nitrophen. The second type of
control fibers, called the "pre-flash controls,lI comprised
those frozen after being incubated in the solution
containing DM-nitrophen, but not flashed (no firing of the
laser occurred prior to freezing).
The control fibers provided crucial information that
guided the project away from the use of rabbit fibers and
towards the use of frog fibers. All the frozen muscle
fibers in these experiments with the rabbit psoas muscle
were freeze-substituted with 4% osmium tetroxide (Os04) ln
acetone and then further processed for electron microscopy.
A representative high magnification electron micrograph of
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a relaxed control is shown in FIGURE 47. It was noticed in
both the overlap and the non-overlap regions of relaxed
controls (such as in the image in FIGURE 47) that the
myosin heads were projecting out from the shaft of the
thick filament into the interfilament space. This outward
projection of the myosin heads in the overlap region of the
relaxed specimens resulted in the appearance of severa1
regions of density extending from the thick filament to the
thin filaments. These densities from the thick to the thin
filaments could not be distinguished from cross-bridges
(i.e., myosin heads attached to actin filaments; see arrows
in the overlap region). Thus, at the level of the cross-
bridge, images from relaxed and activated fibers appeared
indistinguishable. Images of the ultra-rapidly frozen
relaxed control specimens also showed very little
periodicity within the A-band of sarcomere in contrast to
expectations based on microscopic studies (e.g., Ip &
Heuser, 1983) and X-ray patterns (e.g., Hanson & H.E.
Huxley, 1955; Rome, 1972) of relaxed rabbit psoas muscles.
For example, there was a lack the transverse stripes in the
A-band, attributable to the C-protein and other accessory
proteins (disposed at approximatelY 430-430 ~ intervals),
and there was virtually no sign of the 429 ~ helical
periodicity characteristic of relaxed thick filament in
either the overlap or non-overlap regions. This lack of
periodic structure was further substantiated by the rather
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FIGURE 47. (Figure on next page).
High magnification image of a chemically skinned rabbit
psoas muscle fiber ultra-rapidly frozen on the Heuser-Reese
cryopress in the relaxed state (the composition of the
relaxing solution is described in chapter III, Materials
and Methods). Note that the imaged fiber was
representative of the relaxed control for the experiments
with rabbit psoas muscle. The sample was freeze
substituted with 4% osmium tetroxide (0504) in acetone, butnot treated with tannic acid. The non-overlap region of
the A-band in this image revealed that the myosin heads,
adopting the heads-out configuration, were protruding into
the interfilament space, with little visual sign of helical
periodicity in this region. Seen in the overlap region of
this image were densities extending from the thick filament
to the thin filament (arrow-heads). The overall pattern of
densities between the thick and thin filament in the
relaxed rabbit fibers was nearly indistinguishable from
that of the putative cross-bridges in images of actively
contracting muscle fibers. Final mag. X 125,000.
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FIGURE 47
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featureless 0.0. patterns of the images.
It was thought that the general disorder apparent in
the thick filaments of the relaxed specimens resulted from
the freezing of relaxed rabbit fibers at a temperature
favoring disordering of thick filaments. At temperatures
lower than about 15-20oC, thick filaments in mammalian
muscle
(Wray,
1990;
undergo a transition
1987; Wakabayashi et
Rapp et al., 1989,
between order and disorder
al., 1988j Menetret et a L,
1991; t.owy et a L, 1991).
However, the precise reason for the general disorder of the
relaxed thick filament in the images was never investigated
directly, and therefore factors other than the temperature
effect could not be ruled out.
The disorder of the thick filament seen in images of
relaxed fibers, led to the appearance of a large number of
putative cross-bridges, and thus severely limited the
chance to observe differences of structure between the
myosin heads of relaxed fibers and the cross-bridges which
formed in active fibers during contraction. Images of the
relaxed controls were to have served as the standard from
which the structural changes of attachment and force
generation in the activated fibers were to have been
compared. Since the relaxed controls contained structures
in the overlap zone, which appeared remarkably similar to
the cross-bridges in images of activated fibers, it was
difficult to observe structural changes in the cross-
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bridges during muscle contraction. For this reason, it was
decided that the rabbit psoas muscle was not the
appropriate specimen for the project.
The frog sartorius muscle was then tested for its
suitability. In images of fibers in the relaxed state, the
heads did not project from the thick filament backbone (see
FIGURE 41). Furthermore, as described in the next section,
in images of very thin sections of the relaxed fibers (100-
200 A thick), the myosin heads displayed the expected
helical pattern on the thick filament. Images of thicker
sections of the same relaxed fiber gave O.D. patterns with
myosin layer lines and meridional spots at the appropriate
axial spacings for relaxed vertebrate muscle (indexing on
the 429 ~ repeat) out to six or seven orders, indicating a
remarkable periodic resolution of 61 A. Thus, because the
electron micrograph imaqes of relaxed frog sartorius muscle
fibers ultra-rapidly frozen on the Heuser-Reese cryopress
showed much order and evidenced periodic features similar
to those detected with other structural techniques such as
X-ray diffraction (e.g., H.E. Huxley & Brown, 1967), it was
decided that this muscle would provide a relaxed control
against which the cross-bridge structure of activated
muscle could effectively be compared. As a result, the
frog sartorius muscle was chosen as the specimen for the
project.
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IV.C. DIRECT OBSERVATION OF THE NATIVE DISPOSITION OF THE
MYOSIN HEAD ON THE SURFACE OF THE THICK FILAMENT IN RELAXED
FROG SARTORIUS MUSCLES
Skinned frog sartor ius muscLe fibers were ultra-
rapidly frozen in the relaxed state. These fibers were
relaxed with a 5 roM ATP relaxing solution described by
Padron and H.E. Huxley (1984) which included 2% (w/v) PVP-
40 to prevent the swelling of the muscle lattice after
skinning (Magid & Reedy I 1980). The easily observable
helical tracts of myosin heads on the surface of the thick
filaments seen in FIGURE 48 (see arrows) demonstrated the
high degree of preservation of the native ultrastructure in
frog sartorius muscle fibers. Also, the myosin heads were
neither projecting out into the interfilament space in the
non-overlap zone nor appearing to label the thin filaments
in the overlap zone (FIGURES 48 & 41). In fact, when
viewed at a grazing angle along the long axis of the
sarcomere, the thin filaments appear to have well defined
edges which are seldom interrupted by projections from the
thick filament. This observation contrasts with that of
relaxed images of the rabbit psoas spec imen r the th in
filaments of which appeared to be heavily labelled in the
overlap region.
The 0.0. pattern of the overlap region of the image of
FIGURE 41 is shown in FIGURE 44. The high degree of
periodic preservation of native ultrastructure was
supported by the 0.0. pattern, which shows that the overlap
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FIGURE 48. High magnification image of a sarcomere of a
relaxed frog sartorius muscle fiber ultra-rapidly frozen.
The section from which this image was taken was ultrathin
(100-200 $.), with a longitudinal orientation parallel to
the well frozen edge of the fiber. The helical disposition
of the myosin heads on the shaft of the relaxed thick
f ilarnent (arrows) was remarkably clear. Final mag. X
78,000.
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region has periodic order to at least 61 A resolution (i.e.
the meridional and layer line reflections extend out to the
6th or 7th order). Having chosen a suitable specimen for
the project, we needed to optimize the staining protocol,
so as to optimize the specimen's contrast in the electron
microscope.
IV.D. ULTRA-RAPID FREEZING OF FROG SARTORIUS FIBERS IN
STATIC STATES (RELAXED AND RIGOR): A STUDY OF THE BEST
STAINING METHOD
Skinned fibers from frog sartorius muscles were frozen
in the relaxed and rigor state, and freeze substituted with
either 0.5% tannic acid or 4% 0504 in acetone at -80°C for
at least two days. After the freeze substitution step, all
fibers were stained with 4% Os04 during the warming of the
specimen to room temperature. Images of relaxed fibers
freeze substituted by the two different staining protocols
are show in FIGURES 48 & 49. An ultrathin section of a
relaxed fiber stained with Os04 is present in FIGURE 49.
It was observed that the thin filaments had well defined
edges along their length in the overlap region, which were
rarely interrupted by projections from the thick filaments.
A clear region, was seen between the thick and thin
filaments in the overlap region in the images of relaxed
musele fibers. The lack of interrupting projections in
relaxed fibers stained with Os04 only was thought to be
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FIGURE 49. Sarcomere from an ultrathin section of a relaxed
frog fiber, ultra-rapidly frozen and processed for electron
microscopy. This sample was freeze-substituted with osmium
tetroxide in acetone (i.e., it was not treated with tannic
acid). The thin filaments in this image were observed to
be "clean" of myosin heads and/or cross-bridges. This
indicated that the myosin heads in the relaxed thick
filament of frog fibers did not protrude out into the
interfilarnentspace as was the case for rabbit fibers under
identical experimental conditions. The helical disposition
of the myosin heads on the relaxed thick filament could be
seen (as indicated by the arrows in the overlap region),
but not as clearly as in relaxed images of specimens that
were treated with tannic acid (e.g., see FIGURE 48). Final
mag. X 73,700.
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advantageous for discerning cross-bridges in lmages of
active muscle fibers. Unfortunately, closer inspection of
the images from samples stained with osmium only (i.e., in
the absence of treatment with tannic acid) revealed that
there was an inferior degree of detail of the native
ultrastructure in these images relative to images 0f
relaxed samples treated with tannic acid in the freeze-
substitution step. Relative to the images of relaxed
fibers treated with tannic acid before osmication (FIGURES
41 & 48), the images of relaxed fibers stained with 0504
only (FIGURES 49 & SO) showed less prominent helical tracts
of the myosin heads on the surface of the thick filament
and a greater number of myosin heads that projected into
the interfilament space in the non-overlap region.
Examination of the 0.0. patterns of images of relaxed
fibers revealed additional differences in the two ways of
processing specimens. An O. D. pattern of the overlap
region in FIGURE 50, in which the sample was stained with
oS04 only, is shown in FIGURE 51. This O.D. pattern
showed myosin layer line and meridional spots with the
spacings appropriate for a relaxed muscle fiber (i.e.,
indexing on the 429 A repeat), these spots only extended
out to only four orders (compared with 6 or 7 orders for
images in which tannic acid was used in the freeze-
sUbstitution protocol). In addition to playing a role in
stabilizing the native ultrastructure of the frozen sample
during the freeze-substitution step, the staining protocol
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FIGURE 50. Image of a slightly thicker section (300-400 A)
of a relaxed frog fiber treated with osmium tetroxide only
(the specimen was not treated with tannic acid). In
comparison with fibers treated with tannic acid, the
helical tracks were not as prominent in the non-overlap
reg ion of the sarcomere and the myosin heads were
protruding more into the interfilament space. (The four
white circles demarcate the region in the image from which
the 0.0. pattern, shown in FIGURE 51, was taken). Fina 1
mag. X 53,000.
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FIGURE 51. O.D. pattern from the region marked in FIGURE
50 (image of a relaxed frog fiber). The appropriate
spacings for a relaxed muscle fiber were present in this
O. D. pattern of the image of a frog fiber sta ined with
osmium tetroxide only, but the periodicities extend out to
only three orders.
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which included tannic acid produced a higher contrast than
did the staining protocol with osmium alone. The increased
contrast resulted in more details being revealed in the
image, and the increased stabilizing effect of the tannic
acid in the freeze-substitution step produced images with
higher periodic resolution as revealed by the 0.0. patterns
of these specimens.
Although including tannic acid in the staining
protocol had the distinct advantages that ultrastructural
details in the images were enhanced and that the resolution
of the periodic structures in the images was higher, a
major disadvantage in using tannic acid was that there was
much less space between the thick and the thin filaments
overlap region. Tannic acid, in producing a higher
contrast, had precipitated enough stain on the individua1
filaments to increase the apparent diameter of the thick
and thin filaments and thus to reduce the space between the
filaments. FIGURES 41, 43, 48 & 52 exemplify this effect of
tannic acid. This was a major disadvantage, since it would
be more difficult to characterize the structural nature of
the cross-bridge in images of active fibers.
Therefore, it was necessary to refine further the
staining protocol in order to minimize the unwanted effect
of tannic acid. The aim was to prevent an increase the
apparent diameter of the filaments, without compromising
the advantageous effects of the tannic acid, namely
enhanced contrast and structural stabilization.
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FIGURE 52. (Figure on next page).
Image of a frog fiber ultra-rapidly frozen in the rigor
state and treated with tannic acid. The section thickness
was approximately 300-500 A. The overlap zone evidenced
clear diagonal periodicities which were most likely due to
the labelling of the thin filaments by cross-bridges. In
contrast, the non-overlap zone evidenced myosin heads
appearing completely disordered, and no hint of helical
periodicity on the thick filaments. (The four white opened
circles in the non-overlap zone demarcate the region from
which the 0.0. pattern of FIGURE 53 was taken, and the four
white closed circles in the overlap zone demarcate the
region from which the 0.0. pattern of FIGURE 54 was taken).
Final mag. X 96,500.
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FIGURE 52
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Experiments in which relaxed frog sartorius muscle fibers
ultra-rapidly frozen and freeze substituted with 0.5%,
0.25%, 0.1% and 0.05% tannic acid revealed that 0.1% tannic
acid was the optimal concentration. From these
experiments, it was determined that an increase in diameter
of the filaments occurred in fibers freeze substituted with
as little as 0.25% tannic acid, but increased filament
diameter effect was not observed in fibers freeze
subst Lt.ut.edwith 0.1% tannic acid. Furthermore, fibers
with 0.05% tannic acid a marked increase in the extent of
myosin heads projecting into the interfilament space in the
non-overlap region of the thick filament was observed
relative to fibers treated with concentrations of ~ 0.1%
tannic acid. Thus, it was concluded that the optimal
concentration of tannic acid in the freeze substitution
medium was 0.1%.
Since staining relaxed fibers with tannic acid
produced images in which the myosin heads had a highly
ordered helical arrangement on thick filaments
(corroborated by diffraction patterns of these images that
extended out to the fifth or sixth order), concern arose
whether tannic acid produced an artifactual order in the
thick filaments by holding the heads against the thick
filament backbone. To address this issue, we examined the
non-overlap regions of frog fibers ultra-rapidly frozen in
the rigor state and treated with 0.5% tannic acid during
the freeze-substitution protocol. Disorder was expected in
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the non-overlap region
rigor (Padron & craig,
of vertebrate thick filaments in
1989) • If there were disorder in
the non-overlap region of frog fibers in rigor I treated
with tannic aoi.d, then the possibility that tannic acid
were producing an artificial ordering could be ruled out.
FIGURE 52 is an image of one such rigor fiber, treated with
0.5% tannic acid.
The fact that the diffraction pattern of the non-
overlap region (FIGURE 53) had virtually no intensities on
the meridian or in the off-meridional areas, on the other
hand , suggested that the myosin heads on the thick
filaments in this area were completely disordered. The
lack of periodic order in the 0.0. pattern in the non-
overlap regionl coupled with the fact that the heads in the
non-overlap region were projecting out from the thick
filaments (and in a disorderly fashion), suggested that the
tannic acid does not interact with the heads to hold them
against the thick filament in an orderly array. Therefore,
the possibility of tannic acid producing an artifactual
ordering of the heads on the thick filament in any
physiological state was considered very unlikely.
Because the space between the thick and thin filaments
in the overlap zone was very narrow, the arrow-head
arrangement of the myosin heads labelling the thin filament
typically seen in images of ultrathin sections of
vertebrate rigor fibers was not so apparent. However, the
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FIGURE 53. O. D. pattern from the region marked by open
circles in the non-overlap zone of a sarcomere from a rigor
fiber shown in FIGURE 52. Note the lack of meridional and
off-meridional layer line spots.
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360 A period of the thin filament, that results from the
labelling by myosin heads was observed quite clearly by a
glancing view of the overlap region (at a 450 angle from
the long axis of the fiber). The 360 A layer line in the
0.0. pattern (FIGURE 54) from the overlap region of the
image, appearing as the first-order layer line, was at a
spacing identical to the actin 360 A layer line in X-ray
diffraction patterns of vertebrate muscle
other layer lines index on 360 A repeat.
in rigor. The
The high degree
of order in overlap region of the image and 0.0. pattern
from this same area further supported the fact that good
ultrastructural preservation had been achieved.
It should be noted, however, that these data did not
rule out the possibility that cross-bridges, both in rigor
and active contraction (e.g., rigor and active contraction
overlap region) treated with tannic acid could, be
artifactually forced into adopting a disposition that would
produce an increased intensity of the actin 360 A layer
line in the O.D. pattern.
IV. E. IMAGES AND DIFFRACTION PATTERNS FROM RELAXED FROG
FIBERS
The images and diffraction patterns from relaxed frog
fibers, ultra-rapidly frozen for electron microscopy, have
already been described in previous sections of this
chapter. A summary of their relevant and important
findings is given below.
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FIGURE S4. O.D. pattern from the region marked by closed
circles in the overlap zone of a sarcomere from a rigor
fiber shown in FIGURE 52. The most intense layer line of
the pattern was the first layer line at a reciprocal
spacing of 1/360 A-I, which is known (from a combination of
X-ray diffraction and electron microscopy studies) to be
due to labelling of the thin filaments by the cross-
bridges, along the thin filament helical pitch. A layer
line, with weaker intensity, was observed at a reciprocal
spacing of 1/180 A-I, In addition, there was a layer line,
alfo with weak intensity, at a reciprocal spacing of 1/240A- corresponding to the layer line number (1 = 2) and the
Bessel function (n = -2) in a diffraction pattern produced
by a helix with the pitch of 360 A and an axial repeat of
143 A. Finally, an intense mer\dional spot was observed at
an inverse spacing of 1/143 A-. This spot results from
the subunit axial repeat of the myosin head.
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Relaxed frog fiber images
The images of thicker sections of relaxed frog fibers
(for example see FIGURE 16 of chapter II, Historical
Background, and FIGURE 41 of this chapter) showed 11 strong
transverse lines in the A-band, at an approximate 430-435 ~
repeat, which are thought to arise from both the
periodicity of the myosin accessory proteins along the
thick filaments, such as C-protein and its analogs (X, H,
or F protein), superimposed on the known helical repeat of
the thick filament at a 430 A spacing.
Helically arranged tracks of myosin heads slewed
around the filament axis with a helical periodicity, as
demarcated by the arrows in FIGURE 48. Also, no myosin
heads projected into the interfilament space in the non-
overlap zone (see FIGURES 41 & 48). Finally, in the
overlap region, the thin filaments displayed well defined
borders that were seldom interrupted by cross-bridges from
the thick filaments in the overlap regions (see FIGURE 48).
O.D. patterns from images of relaxed frog fibers (see
FIGURE _ill
The most notable features of the o. D. patterns from
images of relaxed frog fibers were the intense meridional
spots extending out to the fifth or sixth order. The
meridional spot, at an inverse spacing of 1/215 ~-1, was as
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intense as the meridional spots at inverse spacings of
1/430 A-1 and 1/143 A-1, within the same 0.0. pattern. The
third order meridional spot, at an inverse spacing of 1/143
A-1, was intense and had little lateral spread across the
meridian, (width = 8.44 X 10-5 ± 1.31 X 10-4 A-I, mean ±
s.e.m., n = 33, also see TABLE III & FIGURE 77). Finally,
intense layer lines at spacings indexing at 429 A intervals
were apparent. These layer lines had a sharp distribution
of intensity along their axial profile.
IV.F. FROG FIBERS RELAXED WITH DM-NITROPHEN (PRE-FLASH
CONTROL)
Images of pre-flash controls: g comparison with the relaxed
controls.
Several features of the images of the pre-flash
controls (see FIGURE 55) were similar to those of the
relaxed controls. The helical periodicity of the thick
filaments, in both the overlap and the non-overlap regions,
was maintained in the pre-flash controls. Arising from
the accessory proteins of the thick filament, transverse
lines in the A-band were also apparent (albeit somewhat
more difficult to see). There was, however, a marked
difference in the images of the two types of controls. The
non-overlap region of the pre-flash control in FIGURE 56
showed densities extending from the thick filaments into
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FIGURE 55. (Figure on next page).
Image of a pre-flash control fiber (i.e. relaxed fiber in a
solution containing 2 roM DM-nitrophen). Several features
of this image were similar to those of relaxed controls
fibers in the absence of any DM-nitrophen such as the
helical periodicity of the thick filament, particularly in
the non-overlap zone (arrows in non-overlap reg-ion), and
the transverse stripes arising from c-protein and other
thick filament accessory proteins (arrows in overlap
reqion). (The four white circles in this image demarcate
the region from which the 0.0. pattern, shown in FIGURE58,
was taken). Final mag. X 61,900.
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FIGURE SS
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the interfilament space. These densities were also readily
apparent in the overlap region (for example see FIGURES 56
& 57). Judging these images alone, one could not determine
whether the densities were in fact cross-bridges (i. e.,
myosin heads attached to actin, bridging the space between
the thick and thin filaments). Furthermore, there were
actually three points that argued that the densities were
simply unattached heads in the vicinity of the thin
filament: 1) the pre-flash fibers evidenced a IIrelaxed"
level of tension; 2) the in-phase stiffness measured with 2
KHz length oscillations equaled that of relaxed fibers
(personal communication by R.J. Barsotti and T. Allen); and
3) the 0.0. patterns from these pre-flash controls revealed
intensities appropriate of relaxed fibers. It is therefore
unlikely that the densities extending from the thick
filament to the thin filament, observed in the images of
the pre-flash controls, were cross-bridges but rather they
were just myosin heads (presumably in the heads out
position) in the vicinity of the thin filaments.
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FIGURES S6 '57. (Figures on next two pages).
Higher magnification image and lower magnification image of
pre-flash control fibers (FIGURES 56 & 57 respectively).
The sarcomeres in these images illustrated some of the
differences between images of the pre-flash control and
those from the relaxed control. In the non-overlap zones,
the myosin heads on the shaft of the thick filament
extended into the interfilament space to a greater degree.
Furthermore, in the overlap regions of the sarcomeres in
these images, there were densities, which looked similar to
cross-bridges in the images of the activated fibers,
extending from the thick filament to the vicinity of the
thin filament. The 0.0. patterns from images of pre-flash
control fibers, however, showed meridional and layer line
spots appropriate for a relaxed fiber (which extended out
to at least four orders as is shown in FIGURE 58). Final
mags. X 61,400 and 45,000 respectively.
231
FIGURE 56
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FIGURE 57
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O.D. patterns of images from pre-flash controls compared
with patterns from images of relaxed controls.
0.0. patterns from the overlap region of the pre-flash
control samples were obtained (for example, see FIGURE 58
which is the diffraction pattern of the overlap region in
the image of FIGURE 55). These diffraction patterns
revealed strong meridional spots indexing on an ~ 429 A
interval out to three and possibly four orders. The strong
intensity of the meridional spot at an inverse spacing of ~
1/429 A-1 suggested, like in the relaxed control, that the
images of the pre-flash control had a strong transverse
banding pattern at ~ 429 J". intervals (arising from the
periodicity of proteins such as C-protein and the other
thick filament accessory proteins). The second and third
order meridional spots had strong intensities, similar to
those observed in the relaxed control diffraction patterns,
and the width of the third order spot was found to be 1.04
X 10-3 ± 1.17 X 10-4 A-1 (mean ± s.e.m., n = 19) which was
not significantly different from the width of the relaxed
control (see TABLE III & FIGURE 77). At each of these
spacings there were off-meridional layer lines, and the
first order was the most intense (both features being
similar to the patterns of the relaxed controls).
In conclusion, images and diffraction patterns of
muscles relaxed in the presence of DM-nitrophen showed
several features typical of relaxation but with less order
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FIGURE 58. O.O. pattern from the region marked in FIGURE
55 (image of a pre-flash control fiber). This 0.0. pattern
was dominated by the meridional and off-meridional layer
lines indexing on a 429 A interval, the appropriate spacing
for a relaxed muscle fiber. The spots of this 0.0. pattern
extended out to four orders, giving a periodic resolution
on the order of 107 A .. ls 2
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than the relaxed control fibers. The general lack of order
seen in the images and diffraction patterns of the pre-
flash control might have been due to the fact that in the
pre-flash control fibers the myosin heads were less closely
associated with the surface of the thick filament (as was
readily apparent in the images of fibers in this state).
IV.G. CROSS-BRIDGE SHAPE AND ANGLE 12-15 MS AFTER
ACTIVATION
A typical mechanical transient of a fiber activated
from the relaxed state by photolysis of DM-Nitrophen 15 ms
before ultra-rapid freezing is shown in FIGURE 59. The
plunger rod is released (indicated in the diagram by
"DROP") at approximately 200 ms prior to the laser pulse
(indicated by "ca2+,,) which releases Ca2+ from DM-Nitrophen
and initiates the activation of the fiber. The fiber is
ultra-rapidly frozen (indicated by "FREEZE"), 15 ms after
the laser pulse, and then processed for electron microscopy
(as described in chapter 3, Materials and Methods). The
tension developed by the fibers at 12.1 ms after activation
(i.e., the average time after activation of the fibers
frozen at the 12-15 ms time point) was 14.6 ± 3.0% (mean ±
s.e.m., n = 5) of maximum isometric tension achieved by
frog fibers activated under similar experimental
conditions.
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FIGURE 59. Tension transient for a frog sartorius muscle
fiber activated by photolysis of caged Ca2+, and ultra-
rapidly frozen after activation. In this figure, the
t.errsLon of the frog fiber remained at the relaxed level
until the arrow labeled "ca2+,11 when ca2+ was released from
DM-nitrophen through photolysis by a pulse of laser light,
which was carefully aimed at the fiber, 15 ms after
activation, the fiber was ultra-rapidly frozen as indicated
by the arrow labeled "freeze." The tension signal after
the freezing event was meaningless. At the time of
freezing, the fiber had reached 15-25% of the maximum
isometric tension level achieved by frog fibers activated
under similar experimental conditions. The arrow labeled
"drop I" at the left side of the transient, indicated the
time when the freezing head was released for its descent
towards the cryoblock below.
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Images of fibers frozen 12-15 ms after activation.
The images of fibers frozen at this early time point
(FIGURES 60 & 61) showed a large number of electron
densities (presumably cross-bridges) that extended from
the thick to the thin filaments in the overlap region of
the sarcomeres. These cross-bridges were generally of
uniform density between the thick and thin filament, and
displayed a variety of angles, a large proportion of which
were perpendicular to the filament aX1S. In addition, the
helical arrangement of the myosin heads was still visible
on the surface of the thick filaments in the non-overlap
area. The pattern, however, was not as regular as in the
relaxed fiber.
0.0. patterns of images from fibers frozen 12-15 ms after
activation.
There are two striking differences between the O.D.
patterns from images frozen at 12-15 ms after activation
and those of the pre-flash controls (see FIGURES 62 & 62
for 0.0. patterns of the images from the fibers of 12-15 ms
time points). First, the 143 A meridional spot appeared to
have spread laterally across the meridian relative to the
pre-flash control. The full width at half max Imum
intensity of the 143 A meridional spot was measured as
1.61 X 10-3 ± 2.0 X 10-4 A-1 (mean ± s.e.m., n : 17; also
see TABLE III & FIGURE 77). Second, the first order layer
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FIGURE 60. (Figure on next page).
High magnification image of a fiber frozen at 12-15 ms
after act ivation. This image shows that the he Li.ca I
periodicity of the thick filaments in the non-overlap zone
was still largely retained (arrows in non-overlap zone) at
12-15 ms. The overlap region in the image showed a large
number of cross-bridges which were of uniform density, and
a large proportion were at an angle which was perpendicular
to the filament axis (arrow-heads). (Four white circles
demarcate the region of the image from which the o.D.
pattern, shown in FIGURE 62, was taken). Final mag. X
120,000.
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FIGURE 60
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FIGURE 61. High magnification image of a fiber frozen at
12-15 ms after activation. The overlap region in the image
showed a large number of cross-bridges which were of
uniform density, and a large proportion were at an angle
which was perpendicular to the filament axis (arrows).
Final mag. X 102,000.
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FIGURE 62. O.D. pattern from the region marked in FIGURE
60 (from a fiber frozen 12-15ms after activation). This
O.D. pattern showed an apparent lateral spread of the 143 A
meridional spot relative to O.D. patterns from control
images (see TABLE III). Also, the first order layer line
was at an inverse spacing of 1/415 )\-1 (the peak of
intensity of the first order layer line in the relaxed
controls was at an inverse spacing of 1/429 A-1). The
first order layer line underwent an outward axial shift
relative to the controls. Note that in considering all the
O. D. patterns from the 12-15 ms samples, the mean axial
inverse spacing of the first order layer line was 1/{404.0
± 3.84) A-1 (mean ± s.e.m.). All layer line spacings were
calculated using the 143 A meridional spot as a calibration
factor (see section III.K.3. for details on the procedure
of calculating the axial spacings in the O.D. pattern using
the 143 A meridional spot as a calibration factor) .
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FIGURE 63. 0.0. pattern from the image of a fiber frozen
12-15 ms after activation (image not shown). This 0.0.
pattern showed an apparent lateral spread of the 143 A
meridional spot (see TABLE III). Also I the first order
layer line in this 0.0. pattern was at an inverse spacing
of 1/420 A-i, which was an outward axial shift in the first
order layer line spacing seen in the 0.0. patterns of the
controls. Note that in considering all the 0.0. patterns
from the 12-15 IDS samples, the mean axial inverse spacin~
of the first order layer line was 1/ (404.0 ± 3.84) A-
(mean ± s.e.m.). All layer line spacings were calculated
using the 143 A meridional spot as a calibration factor.
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line was measured at an inverse axial spacing of 1/(405 ±
.Q-l3.90) A (mean ± s.e.m., n = 8). Thus, a1though the
center of intensity of the first layer line had moved to a
smaller axial position relative to the center of intensity
of the same layer line in the pre-flash control pattern
(i.e. at an inverse axial spacing of ~ 1/429 A-1), and the
general appearance of the layer line in the 12-15 ms
pattern was more diffuse compared to the pre-flash control
pattern, it was difficult to resolve two layer lines at
this axial spacing in the 12-15 ms diffraction pattern
(i.e., one closer to the equator than the other) from the
single diffuse layer line that was present.
IV.H. STATE OF THE CROSS-BRIDGE 30-35 MS AFTER ACTIVATION
All the key features of the tension transient of the
fiber frozen 32 ms after activation (FIGURE 64) were
similar to the tension transient at the 15 ms time point,
and were already described in chapter III, Materials and
Methods (see FIGURE 37 of chapter III). Fibers frozen 34
ms after activation (i.e., the average time after
activation of the fibers frozen at the 30-35 ms time point)
developed 42.3 ± 4.64% (mean ± s.e.m., n = 5) of maximum
isometric tension (this calculation was done in an
identical manner to that for the 12-15 ms time point).
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FIGURE 64. Tension transient of a frog fiber which was
ultra-rapidly frozen 32 ms after activation by photolysis
of DM-nitrophen. The essential features of this transient
were identical to those of the tension transient for the 15
ms time point. This tension transient was also described
in FIGURE 37 of the third chapter. At the time of
freezing, the fiber had reached about 45% of the maximum
isometric tension level achieved by frog fibers activated
under similar experimental conditions.
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Images of fibers frozen 30-35 ma after activation.
Images of fibers which were frozen at 30-35 ms after
activation showed a high degree of order within and between
sarcomeres. The lower magnification image (FIGURE 65) shows
afield of sarcomeres which were well aligned with one
another, typical of the lower magnification images from
this time point. The overlap region of several sarcomeres
in the FIGURE 65 showed clear periodicities, with
transverse lines which extended in a somewhat interrupted
pattern across the width of the sarcomere. Higher
magnification images at the 30-35 ms time point (for
example see FIGURE 66) showed cross-bridges with an
appearance qualitatively similar to that of images at the
15 IDS time point. The angles that the cross-bridges made
with the filament axis were variable, and cross-bridges
generally had an approximately similar uniform size between
the thick and the thin filaments. In contrast to the
images from the 12-15 ms time point, and both controls,
images from the 33 ms time point showed an appreciably
reduced myosin helical periodicity in the non-overlap
region of the thick filaments. However I the clear
periodicities present in the overlap regions of sarcomeres
in the lower magnification image (FIGURE 65) I are also
easily seen in the overlap region of the high magnification
image (FIGURE 66).
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FIGURE 65. Image of a fiber frozen 33 ms after activation.
The sarcomeres in this image were remarkably well aligned
with one another for a fiber that had reached about 45 % of
its isometr ic tens ion. There were clear transverse
periodicities in the overlap region of the sarcomeres,
which extended across the width of the sarcomere in an
interrupted fashion. The helical periodicity of the thick
filaments in the non-overlap region, which was still
largely retained at the 12-15 ms time point, was lost by
the 30-35 ms time point. Final mag. X 18,210.
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FIGURE 66. High magnification image of a fiber frozen 33 ms
after activation. Helical periodicity was absent from the
non-overlap zone of the sarcomere. In the overlap regionl
cross-bridges were observed at various angles and in
various shapes. A large proportion of the cross-bridges,
however, displayed uniform density, perpendicular to the
filament axis. The general appearance of the cross-bridges
at the 30-35 ms time point were not noticeably different
from that of the cross-bridges at 12-15 ms. Final mag. X
59,200.
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0.0. patterns from images frozen at' 30-35 InS after
activation.
0.0. patterns frOIDthe 33 IDStime point are shown in
FIGURES 67 & 68. The features of the 0.0. pattern which
were strikingly different from diffraction patterns of the
12-15 ms time point, or those of the controls were:
1.) The 143 }..meridional spot appeared to have spread
laterally across the meridian (width = 3.3 X 10-3 ± 4.9 X
10-4 1-1, mean ± s.e.m., n = 8; also see TABLE III & FIGURE
77) .
2.} In the region of 1/400 1-1 of the diffraction pattern
for the 12-15 InS images, in which there was one diffuse
layer line, in the diffraction pattern from the 33 InS
images, there appeared two layer lines both rather weak in
intensity. The inner layer line was at an inverse axial
. i-1spaclng of 1/(434 ± 2.65) ~ (mean ± s.e.m., n = 4),
corresponding to the myosin first layer line, and the outer
layer line was at an inverse axial spacing of 1/(371 ±
2.92) }..-1(mean ± s.e.m.,n = 4), corresponding to the actin
first layer line.
3.) The 143 A meridional spot dominated the diffraction
pattern, having the highest intensity in the pattern.
4.) The intensity of the second meridional spot, at an
inverse spacing of 1/215 1-1, was much weaker, relative to
the intens ities of the other mer idiana 1 spots. The
reduction of the relative intensity of the second
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FIGURES 67 , 68. (Figures on next page).
0.0. patterns from images of fibers frozen at 30-35 ms
after activation (images not shown). In these 0.0.
patterns, the 143 A third order meridional spot appeared to
have spread laterally to a larger extent than of the 12-15
ms time points or in the controls (see TABLE III). The 143
A meridional spot also dominated the pattern due to its
high intensity, relative to the intensity of the other
spots in the pattern. Also, relative to the 0.0. patterns
for the 12-15 ms time point and the controls, those for the
30-35 ms time point showed the appearance of a new lay!r
line at an inverse spacing of approximately 1/360 A- .
Finally, there seemed to be a reduction in the intensity of
the second order meridional spot relative to the meridional
spots in the other orders contained in the same pattern.
This reduction in intensity seemed to be to a larger degree
that for 0.0. patterns of images from the 12-15 ms time
point and the controls. (All axial spacings were
calculated using the 143 A meridional spot as a calibration
factor) .
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FIGURE 67
FIGURE 68
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meridional spot, was more obvious at 30-35 ms than at 12-15
ms.
Thus, the major changes in the diffraction pattern of
images at 30-35 ms after activation were an apparent
intensification of the 143 A meridional spot, as well as a
lateral spread of this spot across the mer idian. In the
region of the 0.0. pattern where a single first layer line
in the patterns from the 12-15 ms time points and the two
controls was present, in the pattern from the 33 ms time
point, there are two distinct, but relatively weak layer
lines. The inner layer line appeared to be centered on the
appropriate spacing to be the myosin 429 A layer line and
the outer layer line appeared to be centered on the
appropriate spacing to be the actin 360 A layer line.
Finally, the second meridional spot in the pattern from the
33 ms time point had a reduction of intensity relative to
the intensity of the other meridional spots as compared to
the same intensity ratio in the patterns from the 12-15 ms
time point and the two controls.
IV.I. CROSS-BRIDGE STRUCTURE AND ANGLES AT 210-230 MS AFTER
THE ONSET OF CONTRACTION
A tension transient, typical of the experimental runs
of fibers frozen 210-230 ms after activation is shown in
FIGURE 69. All the central features of the transient have
been described for the first two time points. The fiber
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FIGURE 69. Tension transient of a fiber frozen 220 rns
after activation by photolysis of DM-nitrophen. The fiber
reached maximum isometric t.eris i.on, and was in a steady-
state or nearly steady-state contraction at the time of
freezing.
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was activated (indicated by the arrow labeled ca2+) prior
to the dropping of the freezing head. Note that the fiber
at 210- 230 ms after activation had reached its maximum
isometric tension and was in a steady-state or near steady-
state contraction.
Images from fibers frozen at 210-230 ms after activation
A typical image of a fiber frozen at 220 ms after
activation is shown in FIGURE 10. There is a remarkable
order among the sarcomeres in this fiber: the M-lines and
Z-lines were relatively straight among sarcomeres within a
single myofibril, and the sarcomeres of individual
myofibr ils were well aligned with those of adjacent
myofibrils.
At intermediate (FIGURE 71) and higher magnification
(FIGURES 12 & 13), the order present within a single
sarcomere was readily apparent. Both sets of filaments
were straight, and perpendicular to the straight M-line and
Z-lines. The quality of freezing within these images was
also excellent, as one was able to see details of the sub-
structure of the Z-lines in many cases (see Z-line in upper
right corner of FIGURE 71).
Cross-bridges can be seen very clearly extending from
the thick to the thin filaments in images of the 1,1 plane
from fibers frozen 220 ms after activation (FIGURES 72 &
73). Because the cross-bridges were most easily seen in
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FIGURE 70. Image of a fiber that was frozen 220 ms after
activation. The degree of order between sarcorneres was
well preserved. The Z-line and M-lines in most of the
sarcornereswere generally straight indicating the thin and
thick filaments 1tlerewell aligned with respect to one
another. The thin filaments in this image appeared taut,
as if they were under tension, as would be expected for a
fiber in steady state contraction. Final mag. X 20,000.
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FIGURE 71. Intermediate magnification image of a fiber
ultra-rapidly frozen at 220 ms after activation. Note the
ultrastructural detail within the Z-line, indicating an
excellent quality of freezing. The plane of the section
for the sarcomere on the left is parallel to the [1,1]
plane. In this image, clear periodicity was obs~rved in
the overlap zone, and this periodicity was conflrmed by
O.D. (see 0.0. pattern, shown in FIGURE 74, of the region
of the overlap zone in the sarcomere on the left,
demarcated by white circles). Final mag. X 64,200.
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GLOBAL FIGURE LEGEND FOR FIGURES 72 AND 73. High
magnification images of fibers ultra-rapidly frozen at 210-
230 ms after activation. These images revealed a high
degree of order within single sarcomeres. Both sets of
filaments were straight, and cross-bridges could be readily
observed between the thick and thin filaments. A variety
of shapes and angles of the cross-bridges were observed.
Some of the various shapes of the cross-bridges are
indicated by the symbols described below.
Shapes of cross-bridges that had:
(1) a triangular apex at the thick filament (closed arrow-
heads) ,
(2) a triangular apex at the thin filament (opened arrow-
heads) ,
(3) a bend or appeared bent (arrow-head with bent shaft).
A large proportion of the cross-bridges had uniform density
extending across the interfilament space and made an angle
of 900 with the thick filament (arrows with closed arrow-
heads) .
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FIGURE 72. High magnification image of a fiber ultra-
rapidly frozen whiLe in steady state contraction. The
predominant orientation of the plane of section was along
the [1,1) plane. The different arrows in the figure point
out the various shapes and angles of cross-bridges present
in the image and the key to the different arrows and arrow-
heads is explained in the global figure legend for FIGURES
72 & 73. Final mag. X 120,700 and 101,300 respectively.
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FIGURE 73. High magnification image of a fiber ultra-
rapidly frozen while in steady state contraction. The
predominant orientation of the plane of section was along
the [111J plane. The different arrows in the figure point
out the various shapes and angles of cross-bridges present
in the image and the key to the different arrows and arrow-
heads is explained in the global figure legend for FIGURES
72 and 73. Final mag. X 1011300.
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images at this time point, the most careful description of
the cross-bridge's shapes seen in images at this time point
was made. It was observed that the range of cross-bridge
shapes and angles in these images seemed to be quite broad.
The sorts of shapes seen include cross-bridges that were
triangular with the apex at the thick filament (see closed
arrow beads), or alternatively these triangular shaped
cross-bridges had their apex at the thin filament (see open
arrow beads). Some cross-bridges appeared bent or have a
curved shape between the two filaments (see arrows wi th
bent shafts). Similarly, the angles which the cross-
bridges made with the thick filament vary from being 90°
(see arrows) to 45° and pointing towards the Z-line or 450
and pointing towards the M-line. A large proportion of the
cross-bridges, however, can be described as having uniform
density extending from the thick to the thin filament (see
arrows), and making an angle of 90° with the thick
filament. Thus, by visual inspection, the shapes and
angles of the cross-bridges in a fiber which has reached
maximum isometric tension were remarkably similar to croSS-
bridges in fibers which had reached only 15% or 45% of
their maximum isometric tension (i.e. the 12-15 InS time
points and 30-35 ms time points respect ively) . Th is
suggests that the variability of attachment configuration
present during the steady contraction was thus established
very early after Ca2+ release.
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0.0. patterns from images frozen 210-230 me after
activation
The major features in the 0.0. patterns for the 210-
230 ms time points (see FIGURES 74, 75, & 76) were similar
to those described for the patterns from the 30-35 ms
images, but to a more developed extent. First, the 143 ~
meridional spot had a wider lateral spread of intensity
. -3 -3 ~-1(w~dth = 5.9 X 10 ± 1.3 X 10 ~ , mean ± s.e.m., n = 8,
also see Table III & FIGURE 77). Secondly, the two layer
~ines in the region around 1/400 were more apparent. The
inner layer line was at an inverse axial spacing of 1/(433
± 1.81) A-1 (mean ± s.e.m., n = 15), and the outer layer
line was at an inverse axial spacing of (1/361 ± 2.27) ~-1
(mean ± s.e.m,I n = 15). The intensity of the second
mer idiona 1 spot was extreme ly weak re1ative to the
intensities of the other axial reflections in the pattern,
and sometimes the spot was totally missing. The
intensities of the meridional spots, at the axial spacing
of 1/429 A-1 and 1/360 A-1 respectively, were weaker
relative to the intensity of the 143 A meridional spot,
than at the two earlier time points (i.e. 12-15 ms and 30-
35 ms time points).
Thus, 0.0. patterns showed clear changes that occurred
as a function of time after activation, unlike the rather
similar appearance of the cross-bridges in the images of
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FIGURE 74
GLOBAL FIGURE LEGEND FOR FIGURES 74, 75, 76. (Figure on
this page and those on the next two pages) .
O.D. patterns of images of fibers frozen at 210-230 ms
after activation. These O.D. patterns showed the largest
apparent lateral spread of the 143 ~ third order meridional
spot (see Table III). The intensity of both the second and
third order meridional spots were reduced relative to the
patterns from the earlier time points. Finally, a clear
separation of the layer lines at ar inverse spacing of
approximately 1/429 ~-1 and 1/360 ~- could also be seen.
Note that the O.D. pattern in FIGURE 74 was from the
overlap region of the image in FIGURE 71. All axial
spac1ngs were calculated using the 143 ~ meridional spot as
a calibration factor.
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FIGURE 75
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FIGURE 76
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the samples frozen at different time points after
activation. The types of structural changes that must have
occurred in the images as a function of time after
activation, indicated by the changes in the position and
intensity of the spots in the 0.0. patterns as a function
of time after activation, were subtle and diff icul t to
detect and/or quantify by visual inspection. Thus, in the
future, an extension to the work presented in this thesis
would be to apply image processing methods to determine
what specific aspects of the structural changes were
associated with the changes in the 0.0. patterns, and of
particular interest is the issue of whether the shape of
individual cross-bridges changes after attachment and
during force generation. A summary of the time course of
the changes in the O.D. pattern following activation is
given in the next section.
IV.J. SUMMARY OF THE MORPHOLOGICAL CHANGES AS A FUNCTION
OF TIME AFTER ACTIVATION WITH PHOTOLYSIS OF DM-NITROPHEN.
At the early time points (12-15 ms) there was still
some helical arrangement in the thick filament non-overlap
zone, with obvious cross-bridges in the overlap zone. The
shapes and angles of the cross-bridges were quite variable,
with the majority of cross-bridges having a uniform size,
between the thick and thin filaments, and at an angle that
was perpendicular to the thick filament axis. At later
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time points (30-35 and 210-230 ms), there was a complete
loss of the helical pattern of the myosin heads on the
thick filament in the non-overlap zone. The cross-bridge
shapes and dispositions were not that different in images
of fibers at the later time points as compared to those in
the earlier time points despite the fact that there was
probably a large difference in the average force supported
by the cross-bridges at the different time points. This
suggests a subtle structural difference must exist between
the pre-force (or low force) generating cross-bridge and
the cross-bridge of a fiber under maximum isometr ic
tension.
IV.R. SUMMARY OF THE CHANGES IN THE 0.0. PATTERNS AS A
FUNCTION OF TIME AFTER ACTIVATION WITH PHOTOLYSIS OF DM-
NITROPHEN.
THE 429 A MYOSIN LAYER LINE AND THE 360 A ACTIN LAYER LINE:
The 429 A myosin layer line had the strongest
intensity among the layer lines in the relaxed controls,
and its intensity fell off as a function of time after
activation. 'Fhe center of intensity of the first order
layer line in the diffraction pattern of the 12-15 rns
images was shifted to the higher axial spacing of 1/405 A-l
relative to the first order layer line of the controls, and
the first order layer line for the 12-15 ms samples was
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more diffuse (or broadened in the axial direction) relative
to the same layer line in the control diffraction patterns.
The diffraction patterns for the images of the 30-35 ms
time points showed that, in the region at an axial spacing
around the single, diffuse layer line in the diffraction
pattern of the 12-15 ms time points, two relatively weak,
but distinct layer lines appeared: the inner layer line had
its center of intensity at approximately the same axial
spacing as the 429 A myosin layer line, and the outer layer
line had its center of intensity at approximately the same
axial spacing as the 360 A actin layer line. Finally,
these two layer lines became more distinct in the
diffraction patterns from images of the 220 ms time points.
THE 430 A MERIDIONAL SPOT
Qualitatively, in a series of control vs. experimental
O.D. patterns, the 430 A meridional spot appeared most
intense in the control diffraction patterns. Furthermore,
my impression was that the intensity of 430 A meridional
spot was remarkably strong in the 0.0. patterns of either
of the 12-15 or 33 ms samples relative to the controls. A
single meridional spot, at an inverse spacing of 1/430 i..
seen in the diffraction patterns of images of the controls
and 12-15 ms time points. By the 33 ms time point,
however, the di ffraction pattern revealed two merid iona1
spots at around the axial spacing where the single
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meridional spot was observed, and the two spots had axial
spacings corresponding to the 430 A myosin and 360 A actin
layer lines. By the 210-230 ms time point, however, the
intensity of these two meridional spots were considerably
weaker, to the point of being only marginally detectable.
THE 215 A MERIDIONAL SPOT
The intensity of the 215 A mer idiona 1 spot a1so
appeared the strongest in both relaxed controls, where its
intensity was at least as strong as the 430 A meridional
spot. However, the 215 A meridional spot became
progressively weaker in the O.D. patterns from images 0f
fibers as a function of time after activation relative to
the other intensities within the respective 0.0. patterns,
and virtually disappeared in 0.0. patterns from images of
fibers frozen at 210-230 ms after activation.
THE 143 A MERIDIONAL SPOT
Throughout the time course of activation, the 143 A
meridional spot changed both in intensity and apparent
width. The 143 A meridional spot was very intense and
narrow in width (see TABLE III for the numerical value of
the width) in the diffraction patterns from the relaxed
control and the pre-flash control. At the 12-15 ms time
points, the 143 A meridional spot had broadened a bit
relative to the same spot in the diffraction pattern of the
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relaxed controls, but also appeared to be much less intense
than in the controIs. By the 33 ms time point, the
intensity had increased to a level comparable to that of
the controls, or greater, and the spot was markedly wider
along the meridian. Finally, the apparent width of the 143
A meridional spot, at the 220 ms time point, had increased
slightly relative to 'that at the 33 ms time point I but
still maintained approximately the same intensity as the
143 A meridional spot at the 33 ms time point. At 220 IDS
the 143 A meridional spot appeared much wider and slightly
more intense than in the controls.
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FIGURE 77. Broadening of the 1/143 A-1 meridional spot as
a function of time after activation. The full-width at
half maximal intensity of the 1/143 A-1 spot was measured
across the meridian in a series of diffraction patterns.
The method for measuring the full-width at half maximal
intensi ty was described in CHAPTER III MATERIALS AND
METHODS, section III.K.3. OPTICAL DIFFRACTION PATTERNS. As
stated previously, because of the crude method of
measurement of the broadening of the 143 A meridional spot,
the quantitation of the change may be off by a factor of 2
or greater, but qualititatively, the trends is is in the
right direction (i.e., the 143 1 meridional spot increases
in width across the meridian as a function of time after
activation of the muslce fibers).
The width of the 1/143 1-1 increases from a lateral
spacing of 1/(14100 ± 2080) A-1 (mean ± s.e.m., n = 10) in
patterns from relaxed fibers to a spacing of 1/(2270 ± 483)A- (mean ± s.e.m., n = 8) in patterns from fibers at the
210-230 ms time point. This indicates a six fold increase
in lateral spread of the 1/143 A-1 meridional spot from
fibers in steady state contraction (i.e. at the 210-230 ms
time point) relative to those in the relaxed state.
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TABLE III
width of the 1/143 A-1 spot across the meridian
state of mean width standard error of sarn121e
the fiber --(A-I) the mean (s.e.m.) size l11l
Relaxed 8.44 X 10-5 1. 31 X 10-5 10
control
Pre-flash 1.04 X 10-4 1.17 X 10-5 18
control
12-15 ms 1.61 X 10-4 2.00 X 10-5 17
time point
30-35 ms 3.32 X 10-4 4.90 X 10-5 8
time point
210-230·ms 5.91 X 10-4 1. 26 X 10-4 8
time point
Rigor 3.90 X 10 -4 6.01 X 10-5 25
All the values reported in TABLE III were obtained in the
following way. The full width at half intensity of the 143
A meridional spot was measured as described in Chapter III
(MATERIALS AND METHODS, section III.K. 3. OPTICAL
DIFFRACTION PATTERNS. The length obtained was then
calibrated by the axial distance between the two 143 A
meridional spots (across the equator) in the same manner as
was done to calibrate the layer line and meridional spot
axial spacings in the 0.0. patterns (see section III.K.3,
OPTICAL DIFFRACTION PATTERNS, in Materials and Methods,
chapter III).
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CHAPTER ~ DISCUSSION
V.A. INTRODUCTION
A full understanding of the molecular events of the
cross-bridge cycle during muscle contraction requires
direct evaluation of the structural states of the cross-
bridges in the cross-bridge cycle. In the past, the
direct evaluation of individual cross-bridge structural
states has proven difficult due to the asynchrony among the
cross-bridges within the muscle during contraction. In the
present study, an attempt to synchronize cross-bridges, at
least initially, has been made by activating muscle fibers
from the relaxed state by the photolysis of a caged ca2+,
called DM-nitrophen. This allows a "time resolved" study
at predetermined time after activation, the three times
chosen were: (1) 12-15 ms after activation when the tension
was approximately 15% of the maximum isometric tension (see
FIGURES 60 & 61), (2) 30-35 ms after activation when the
tension was approximately 45% of the maximum isometric
tension (see FIGURES 65 & 66), and (3) 210-230 ms after
activation when the tension was at full isometric tension
and the fiber was in a steady state contract ion (see
FIGURES 70-73). The first time point (12-15 ms) was chosen
because it was the shortest time between activation and
freezing that could be obtained with our cryopress due to
the geometry of the apparatus. The cryoblock was recessed
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in the cryo-reservoir so that the laser light was not able
to be directed onto the fiber during the period of the
trajectory within the above mentioned recess. The time of
the trajectory of the fiber between entering the recess of
the cryo-press and freezing was 12-15 ms, hence this
constraint selected our first time point for us. The 30-35
ms time point was chosen because it was the approximate
half time of tension development by the fiber activated by
photolysis of caged ca2+ under the conditions of these
experiments. And the 210-220 ms time point was chosen,
because the fiber was in a steady-state or near steady-
state contraction at this time point. Electron microscopy
allowed direct examination of the structural states the
cross-bridges at these time points.
The freezing machine used in the present study was the
Med-Vac Cryopress, a modified version of the machine built
to the design of the Heuser-Reese slammer (Heuser et al.,
1979). Several other freezing apparatuses were examined
for their potential use in this study (see methods section
for details), but the Med-Vac Cryopress possessed the most
desirable features among the freezing apparatuses
evaluated, which made it the most suitable choice of rapid
freezing machine for this project.
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V.B. ADVANTAGES AND DISADVANTAGES OF THE FREEZING APPARATUS
OF CHOICE: TKE HEUSER-REESE CRYOPRESS
The Heuser-Reese cryopress falls into the category of
cooling method called the slamming method. Originally,
this method of cooling was developed for light microscopy
by Eranko (1954) and modified for electron microscopy by
van Harreveld & Crowell (1964). It takes advantage of the
high thermal capacity and condvctivity of metals to give
the high rate of heat transfer from tissue to coolant.
This method can produce higher cooling rates than those
produced by quenching specimens in cryogenic liquids or by
cryogenic spray methods (Schwabe & Terracio, 1980; Robards
& Severs, 1982; Escaig, 1982, Jones, 1984; Bald,
1985 ,1986) • It has been shown by others (Dempsey &
Bullivant, 1976a,b) as well as in the present study, that
the cold block technique gives a surface layer, about 10 ~m
deep, of well preserved tissue free of visible ice crystal
damage after freezing and freeze-substitution, without any
cryoprotectants. Escaig (1982) made experimental
measurements of freezing times for various thickness of
biological specimens frozen against a mirror polished metal
surface, such as the one just described, at freezing rates
of greater than 10,00QoC/sec. The data produced by Escaig
(1982) and analyzed by Jones (1984) and Bald (1985, 1986)
suggests an upper limit of 0.5 ms for the freezing times of
those depths of the specimen (up to 10 /tm) that are
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suitable for morphological analysis. Thus, the upper limit
of freezing times for the freezing event is on the same
order of the time scale for the putative structural changes
in the cross-bridges during the elementary power stroke
(Irving et al., 1992).
The quick-freezing machine from Med-Vac Inc. modified
in our laboratory had a number of useful features for the
laser induced contraction experiments in this study: (1)
The ultra-pure copper block, with its mirror finish and
gold plating, provided excellent thermal transfer between
it and the fiber, accounting to a large degree for the fast
freezing times. (2) The high freezing rates that were
obtained, produced minimum ice crystal growth, within a
region of up to 10 ~m from the freezing surface. Within
this region the true native ultrastructural of the fiber
was preserved. Also, the high freezing rates ensured that
the freezing event was faster than the putative structural
events of the cross-bridges during muscle contraction. (3)
The shutter mechanism was effective in minimizing pre-
cooling. (4) The electromagnet design was effective in
helping to prevent millisecond bounce of the specimen on
the copper block. (5) It incorporated a transducer which
measured the mechanical tension developed by the muscle
fiber up to the moment of freezing. (6) It allowed for
laser activation
compounds. (7)
of muscle fibers via the use of caged
An opaque flag, attached to the plunger
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rod, interrupted an O.E.I. device, allowing the triggering
of the laser when the freezing head was at different
locations along its vertical descent towards the cryoblock,
which enabled the time between activation and freezing of
the fiber to be varied, such that a fairly precise and
reproducible time between activation and freezing could be
attained.
The disadvantages of the design were: (1) It required
small, thin and fairly flat surfaced specimens which made
it somewhat difficult to follow the frozen specimen
throughout the freeze substitution and embedding
procedures. (2) There was a potential for some degree of
pre-cooling before rapid freezing: the specimen crossed a
cold helium gas layer (in the last 10-12 ms of its
trajectory towards the cryoblock), which was always present
above the copper block. The possible effect of pre-cooling
could not be ignored in these experiments, because of the
temperature transition from order to disorder reported for
the helical arrangement of the myosin heads on the thick
filaments of mammalian muscle (Wray, 1987; Wakabayashi et
al., 1988; Rapp et al., 1989, 1991; Menetret I et a1. ,
1990). This was one of the main reasons that we used frog
muscle fibers in these experiments as opposed to rabbit
muscle fibers. (3) It was diff icult to measure the
sarcomere length just before and during contraction with
this type of freezing apparatus because the freezing head
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on which the fiber was mounted, moved towards the cryoblock
for the freezing event to occur, rather than vice-versa.
If the fiber had been stationary, with the copper block
moving towards the specimen, that would have facilitated
measuring the sarcomere length before and during
contraction.
v.C. DEGREE OF ULTRASTRUCTURAL PRESERVATION OF THE FROG
SARTORIUS FIBERS
Ultrastructural analysis of thin longitudinal sections
from skinned frog sartorius muscle fiber samples revealed
excellent structural preservation, with undetectable
freezing damage. The quality of freezing, as assessed by
the criteria outlined in CHAPTER IV, Results, was
satisfactory in about 50% of the frozen samples in each of
the three different states evaluated (i.e., relaxed, active
and rigor states). From each sample numerous images of
well defined sarcomeres could be obtained. Images of thin
sections from these fibers in each of these three states
indicated that the native ultrastructure of skinned muscle
fibers was maintained. For instance, ultra-thin sections
of muscle fibers frozen in the relaxed state showed the
native disposition of the myosin heads on the relaxed thick
filament. Helical tracks were observed on the relaxed
thick filament, which suggested that the myosin heads
(which were assumed to compose these helical tracks) were
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angled towards the long axis of the thick filament and
slewed around the thick filament shaft. This result was in
agreement with other electron microscopy data, as well as
data from other biophysical techniques. A slewing and
tilting of the myosin heads on the relaxed thick filament
was observed by cantino and Squire (1986) using frog muscle
and Ip and Heuser (1983) using rabbit muscle, both groups
employing the technique of ultra-rapid freezing followed by
freeze fracture and rotary shadow. Three dimensional
reconstruction of negatively stained frog muscle thick
filaments by Kensler and stewart (1983, 1986) and stewart
and Kensler (1986) also suggests that the disposition of
the myosin heads on the relaxed thick filament shaft is
arranged so that there is a certain amount of tilt towards
the filament axis (between 30-60° with the filament axis)
and slew around the filament. Irving and Peckham (1986),
using birefringence measurements, obtained results which
suggests that the long axis of the myosin head makes an
average angle with the filament axis of about 30° in
relaxed muscle. Modeling of the x-ray diffraction data
suggests a similar value (Haselgrove, 1980; Squire, 1975,
1981; Harford s squire, 1986). Thus, a vast amount of
evidence, from several different techniques, converges on a
similar conclusion that the helical tracks of the myosin
heads on the relaxed thick filaments of vertebrate skeletal
muscle are tilted towards the filament axis and slewed
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around the filamentj a result also observed in the images
of the thin sections from frozen samples of frog sartorius
muscle in the present study (see FIGURES 48 & 49).
Images of samples ultra-rapidly frozen in the rigor
state showed structural features similar to Vlhat was
expected for muscle fibers in this state. The images of
the frozen samples showed a rather intense oblique periodic
pattern in the overlap region of the sarcomere, which had a
periodicity of approximately 360 A, corresponding to the
helical periodicity of the thin filament. The
intensification of the oblique lines, in the overlap region
of the rigor sarcomeres, arising from labeling of actin by
groups. Several lines
agreement with data from other
of evidence suggest that in the
cross-bridges, was in
absence of ATP, most or all of the myosin heads rigidly
attached to actin (H.E. Huxley & Brown, 1967; Cooke &
Franks, 1980i Thomas & Cooke, 1980i Lovell & Harrington,
1981; Poulsen & Lowy, 1983) and assume the helical
periodicity of the thin filament (e.g., Reedy et al., 1965;
H.E. Huxley & Brown, 1967; Haselgrove, 1970).
In the non-overlap region of images from fibers frozen
in the rigor state, the disposition of the myosin heads
were quite different from what was observed in the overlap
region: the myosin heads were completely disordered. This
was in agreement with observations by Padr6n & Craig
(1988). The disorder in the non-overlap region of muscles
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in rigor has been observed by X-ray diffraction of muscles
stretched to non-overlap and depleted of ATP (Haselgrove,
1975; Poulsen & Lowy , 1983). The x-ray diffraction
patterns from these muscles showed neither the actin nor
myosin layer lines or meridional reflections, and the
diffuse scattering increased significantly, all of which
indicates that the myosin heads in the non-overlap region
of muscles in rigor become largely disordered.
0.0. patterns from images of muscle fibers ultra-
rapidly frozen relaxed and rigor muscle fibers had features
which were similar to X-ray diffraction patterns of muscle
in the relaxed and rigor states. The patterns from the
relaxed images had meridional and off-meridional layer line
spots which indexed on an approximate 429 A repeat, similar
to the axial spacing of the myosin layer lines in the X-ray
diffraction pattern of live frog sartorius muscle (e.g.,
H.E. Huxley & Brown, 1967; Haselgrove, 1970i etc.). 0.0.
patterns from images of the rigor samples, also showed
similarities with the X-ray diffraction patterns of frog
sartorius muscle in the rigor state. The O.D. pattern from
the overlap region showed layer lines indexing on the 360 A
actin helical repeat, with a weaker layer line at the
. i-i.reclprocal spacing of 1/240 a ~ Both of these features
are typically seen in the x-ray diffraction patterns from
rigor muscle (e.g., H.E. Huxley & Brown, 1967i Haselgrove,
1970; etc.). It is also interesting that the 0.0. patterns
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from the non-overlap images of fibers in the rigor state
showed virtually no sign of meridional or off-meridional
layer line spots, a finding quite similar to but not
idetical with that of X-ray diffraction for frog muscle at
non-overlap following the depletion of ATP (Haselgrove,
1975; Poulsen & Lowy, 1983).
Thus, there were several features both in the images
and the 0.0. patterns of those images of the present study,
which were similar to the ultrastructure and X-ray
diffraction features that were expected in the living
muscle (for the relaxed state) and ATP depleted muscle (for
the rigor state). It was thus concluded that the freezing
technique for electron microscopy used in the present study
was capable of preserving the muscle fiber in its native
ultrastructural state at least to a 61 A resolution (i.e.,
the highest angle reflection in the 0.0. pattern from the
image of the relaxed frog fiber) and probably better.
V.D. THE OPTIMAL STAINING PROTOCOL
In order to use electron microscopy to visualize
structures such as cross-bridges, it is of great benefit to
optimize the contrast between the sample and its
background. In searching for the optimal staining protocol
during the processing of the rapidly frozen fibers for
electron microscopy, it was found that treatment of samples
with tannic acid, in the freeze-substitution medium,
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significantly enhanced the contrast of the cross-bridges
(also see Hirose & T. wakabayashi, 1988). The quality of
the image was sensitive to the concentration of the tannic
acid used in the freeze-substitution medium. Tannic acid
is not stain itself, but is termed a mordant. It functions
to precipitate heavy metals on the surface of the proteins
to which it is bound. Therefore, too much tannic acid (>
0.5%) produced the effect that the apparent diameters of
both the thick and thin filaments increased, due to
excessive heavy metal stain precipitation around
proteinaceous structures, to the point that there was very
little space between the filaments (see FIGURES 41,43, 48,
& 52). Thus the ability to visualize and characterize the
structure of the cross-bridges was limited. Therefore, the
concentration of tannic acid in the freeze-substitution
medium had to be < 0.5%. On the other hand, with no tannic
acid in the freeze-substitution medium, there was ample
interfilament space in which to visualize the cross-bridge,
but the cross-bridges were less well defined due to poor
contrast.
Furthermore, tannic acid enhances structural
preservation. This was evidenced by the O.D. patterns from
images of well frozen samples treated with tannic acid
which tended to extend to higher orders than the O.D.
patterns from samples not treated with tannic acid. The
optimal concentration of tannic acid in the freeze-
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substitution medium which provided a compromise between
structural preservation and excessive heavy metal staining
was determined to be 0.1%. Treatment of fibers with this
concentration of tannic allowed both clear visualization of
the cross-bridges in the interfilament spaces, and also had
the effect of preserving
patterns. The following
the higher orders in the o. D.
observation ruled out the
possibility that ordered arrangement of cross-bridges may
be artifactually induced by tannic acid. Myosin heads in
the non-overlap zone of fibers in the rigor state were
disordered regardless if whether tannic acid was used or
not.
V.E. IMAGES AND OPTICAL DIFFRACTION PATTERNS FROM RELAXED
FROG FIBERS (RELAXED CONTROL) COMPARED WITH THOSE FROM FROG
FIBERS RELAXED WITH DM-NITROPHEN (PRE-FLASH CONTROL)
The images and diffraction patterns of the two types
of controls were similar with the exception that there
appeared to be a greater disorder of the myosin heads on
the thick filaments in the pre-flash control compared with
the relaxed control. The two most striking similarities
between the images of the relaxed control and the pre-flash
control images were: (1) the beautiful helical tracks of
the myosin heads on the thick filament in both the overlap
and non-overlap regions (at an approximate 430 ~
periodicity), and (2) eleven transverse stripes (also at an
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approximate 430 A interval) in the A-band attributed to a
combination of the disposition of c-protein (and other
thick filament accessory proteins) superimposed on the
approximate 430 A helical repeat of the myosin heads of the
relaxed thick filament.
The similar features of the diffraction patterns from
the relaxed control and the pre-flash control were: (1) the
meridional and off-meridional layer line spots extended out
many orders (to the 6th or 7th order in the relaxed control
and the 4th order in the pre-f lash control), (2) the
intense third order meridional spot, at the reciprocal
spacing of 1/143 A-l had little lateral spread across the
meridian, and (3) the sharp and intense first order layer
line, at an inverse spacing of 1/429 A-1.
The disorder of the pre-flash control was attributed
to the fact that the myosin heads in these fibers were less
closely associated with the thick filament, relative to
myosin head disposition in the thick filaments of the
relaxed controls. This "heads out" conformation of the
pre-flash controls was readily apparent in the non-overlap
region of the sarcomere (see the non-overlap 'reqi.on of
FIGURES S6 & 57), where there was clear density extending
from the thick filament into the interfilament space. In
the overlap zone, the heads-out myosin heads were in the
vicinity of the thin filaments and could not be
distinguished from cross-bridges. However, the tension and
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stiffness measurements of the pre-flash controls indicated
that fibers were relaxed (i.e., the myosin heads were in
the vicinity of the thin filaments but not actually
attached; R.J. Barsotti and T. Allen personal
communication).
Why did the relaxed control fibers demonstrate the
heads-in conformation and the pre-flash control demonstrate
the heads-out conformation? As mentioned in chapter II,
Historical Background, the in vitro observation of the
heads-out conformation could be produced by several
factors, including temperature effects (Wray, 1987; T.
Wakabayashi, et al., 1988; Menetret et al., 1990; Rapp et
al., 1991; Lowy et al., 1991), ionic strength effects at
low temperatures (Brenner et al., 1982; Matsuda & Podolsky,
1984; Schoenberg, 1988; H.E. Huxley & Kress, 1985;
Eisenberg & Hill, 1985; Yu & Brenner, 1989; Brenner, 1990),
the absence of ATP at non-over lap (Hase Lqrove , 1975;
Poulsen & Lowy, 1983; Padr6n & craig, 1989) and the
divalent cation concentrations (Ueno & Harrington, 1981;
Ueno et al., 1983; Reisler et al., 1983; Persechini & Rowe,
1984). The first three effects described above, were the
most unlikely cause for the differences in the disposition
of the myosin heads rn the two controls, because both
controls were at the same temperature, ionic strength and
similar degrees of overlap, with only minor differences in
the ATP concentration between them. The most notable
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difference between the solutions bathing the relaxed
controls and the pre-flash controls was the divalent cation
concentration. The solution in which the relaxed control
was incubated contained 5 roM ATP and 5 roM Mg2+ (giving a
free Mg2+ concentration of approximate 1 roM), where as the
that of the pre-flash control contained 3 roM ATP and 1.2 mM
Mg2+, with a low free Mg2+ concentration (approximately 50
J.LM) due to the 1.98 roM DM-nitrophen present. Both the
enzymatic digestion studies by Veno et a1. I (1983) and
Reisler et al., (1983), and the hydrodynamic studies by
Persech in i & Rowe (1984) suggest that lower ing the free
Mg2+ concentration promotes the heads-out configuration.
Although a systematic examination of the myosin head
configuration as a function of free Mg2+ concentration was
not performed, it was thought that the divalent cation
effect was the predominant effect to cause the observed
heads-out conformation in the pre-flash controls because it
was the most notable difference between the solutions
bathing the relaxed controls and the pre-flash controls.
Furthermore, the fact that the heads-out conformation of
the myosin heads did exist, could also explain the
decreased periodic order seen in the O.D. patterns from the
images of the pre-flash controls compared to the O.D.
patterns from the relaxed control images (i.e., the layer
lines and meridional spots in the pre-flash control O.D.
patterns extended out to four orders compared to the layer
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lines and meridional spots in the relaxed control O. D.
patterns which extended out to six or seven orders).
V.F. ACTIVATION EXPERIMENTS
V.F.1 • IMAGES AND THEIR DIFFRACTION PATTERNS FROM FIBERS
ACTIVATED 12-15 MILLISECONDS PRIOR TO FREEZING
The overlap region from images frozen 12-15 ms
activation showed a large number of cross-bridges
after
(see
FIGURES 60 & 61). These cross-bridges had a variety of
shapes and angles, but a large proportion of the cross-
bridges were of uniform density between the thick and thin
filaments, and were perpendicular to the filament axis.
It was determined that at 12.1 ms activation (the
average time between activation and freezing for all the
fibers frozen at the 12-15 ms time point) the fihers
produced about 15% of maximum isometric tension, compared
with fibers which were activated under similar experimental
conditions and allowed to achieve full isometric
contraction. Furthermore, it has been demonstrated that
frog fibers (@ 100e) activated from the relaxed state by
photolysis of DM-nitrophen show 10-15 ms lead of the rise
in stiffness over that in tension (Lenart et al., 1993).
Thus, fibers frozen 12-15 ms after activation would have a
distribution of cross-bridges in which the population of
low-force generating cross- br idge wou Id be rela ti ve ly
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higher than that of high-force generating cross-bridges.
Therefore, it was expected that at this early time point
after activation a large proportion of cross-bridges would
have a structural state characteristic of the putative
"pre-force generating" cross-bridge. What was observed was
that the images of fibers frozen at 12-15 rns after
activation showed cross-bridges with extensive variability
in the shapes and angles and no single structural state
which was typical for the majority of the cross-bridges in
the muscIe fiber. This suggested: 1) there was no
difference between the structural states of the pre-force
generating cross-bridge and that of the force generating
cross-bridge (i.e., mechanically distinguishable but
structurally similar), 2) there was no single structural
state unique to the pre-force generating cross-bridge
(i.e., the structural state of a pre-force generating
cross-bridge was a state in which several cross-bridge
shapes and angles were possible), or 3) there were
structural differences between the pre-force generating
cross-bridge and the force generating cross-bridge, but the
structural differences between these two states were too
subtle to be detected by the methods of analysis used in
this study.
Finally, it is important to point out that the images
from the 12-15 ms samples generally displayed fairly clear
helical tracks of the myosin heads on the thick filaments
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in the non-overlap region. In th is reg ion of the
sarcomere, the images from the 12-15 ms samples were quite
similar to both the relaxed control and pre-flash control
images.
The 0.0. pattern from images of the 12-15 rns samples
differed from the relaxed and the pre-flash controls in
several ways. The most notable difference was a general
reduction in the intensity of all the spots in the
diffraction patterns of the 12-15 ms samples relative to
the 0.0. patterns from samples of either control. Also,
there appeared to be an axial shift in the first order
11-1 .layer line from an inverse spacing of 1/430 a i n the
t 1 t . I / 5 It -1 th e 12 15con ro s 0 appr oxi.mate y 1 40 1\ an - ms
samples. Finally, the third order meridional spot of the
12-15 ms samples appeared to have spread laterally, across
the meridian (see FIGURE77).
0.0. patterns from images of the 12-15 ms samples: ~
comparison with the time resolved X-ray diffraction
patterns of activated vertebrate skeletal muscle (VSM).
The changes in the 0.0. patterns from the images of
control fibers, were similar in time course to the changes
in the X-ray diffraction patterns of VSM activated by
electrical stimulation (H.E. Huxley et al., 1980, 1982i
Kress et al., 1986; Amemiya, 1987; Bordas et al, 1991;
Yagi, 1991; K. Wakabayashi et al, 1991; K. Wakabayashi s
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Amemiya, 1991; Harford et al., 1991) or activated from the
relaxed state by photolysis of caged ca2+ (Poole et al.,
1991) . It is important to note, however, that muscles
stimulated electrically show a 5-10 ms delay for both the
tension response and for the initial changes in the X-ray
diffraction pattern while in fibers activated by photolysis
of caged ca2+, the delay in tension was generally less than
1 ms. (see tension traces in FIGURES 59, 64 & 69).
H.E. Huxley et a1. (1982, 1980), Kress et a1. (1986) J
Yagi et al. (1981), and Amemiya et al. (1987), found a drop
in the intensity of all the myosin layer line reflections
to 65-80% of their intensities during contraction. H.E.
Huxley et a1. (1980, 1982) and Kress et a1. (1986) both
found that the maximum intensity change of the layer lines
occurred at about 40 ms after activation which would
suggest that at 12-15 ms after activation (including the
lag time difference of between 5-10 ms), the intensity
decrease would be on the order of one-half the maximum
intensity change, or about 50-70% of resting value.
Secondly, H.E. Huxley et a1. (1980,1982) found that the
behavior of the intensity of the 143 ~ meridional
reflection was biphasic. This reflection showed an initial
rapid decrease to 75% of the resting intensity (t~ = 20-30
ms), and then increased to 50% greater than the resting
intensity with a time course that followed the tension
rise. This group also found that the 143 ~ meridional
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reflection exhibited change in width, by a factor of 2
(i.e., from a width of 1/2000 A-1 to 1/1000 A-I), with a
time course which followed tension.
Bordas et al. (1991)I found similar results to the
H.E. Huxley group, both in time course and magnitude of the
intensity of the myosin layer line and meridional
reflections. Thus the Bordas group found that the
intensity of the myosin layer lines fell to the background
level with a time course (time to maximum change was 40 ros)
that was much faster than the rise in tension (time to
maximum isometric contraction was approximately 200 ms).
On the other hand, this group found the intensity of the
1st, 2nd, 4th, 5th, 7th and 8th order meridional
reflections (at reciprocal spacings of approximately 1/430,
1/215, 1/107, 1/86, 1/61 and 1/53 A-I respectively)
decreased 4 to 5 fold with a time course that paralleled
the rise in tension. The third order, 143 A, meridional
reflection was found, by this group, to double in width,
across the meridian, as did the 6th and 9th order
meridional reflections with a time course that paralleled
the rise in tension. The Bordas group also found that the
first order layer line shifted its centroid of intensity to
a lower spacing upon activation of the frog muscle, from
approximately 1/430 A-I to 1/385 A-I, and with a rapid time
course (t~ < 20 ms). This observation by the Bordas group
2
was similar to the shift of the first order layer line seen
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in the 0.0. patterns from images of samples frozen at 12-15
ms after activation in the present study.
Amemiya et al. (1987), K. Wakabayashi et al. (1991)
and K. Wakabayashi & Amemiya (1991) found a similar result
to both the H.E. Huxley and Bordas in that the intensity of
all the myosin layer lines weaken considerably, or
disappear, while the 143 A meridional intensity increases,
provided the perpendicular width of the reflection was
corrected for (i.e., the intensification of this meridional
reflection could be observed only if the intensity was
integrated across the meridian). In fact,it has been
suggested (H.E. Huxley et al., 1981, 1983) that the
decrease in intensity of the 143 A meridional reflection
directly after activation could be explained as resulting
from difficulty in measuring the precise lateral spread of
the 143 A meridional reflection. Because of the general
reduction in intensity of the entire diffraction pattern in
the first milliseconds after activation, it is difficult to
assess the exact extent of lateral broadening of the 143 A
meridional reflection. If, in fact, the lateral spread of
the 143 A meridional reflection directly after activation
masks the ability to detect its intensification, then it
would be expected that the change in intensity of the 143 A
meridional reflection would more accurately be described as
monophasic, rather than biphasic.
It is worth noting that Harford & Squire (1990) and
292
Harford et al. (1991), made similar observations to the
ones described above by monitoring the changes in the X-ray
diffraction pattern in the whole fin muscle of teleosts
turbot (Scophthalmus maximus) and plaice (Pleuronectus
platessa) • This group also found that the myosin layer
lines decrease in intensity upon activation. Furthermore,
similar to the finding of the H.E. Huxley, Bordas, and K.
Wakabayashi groups mentioned above, the Harford group also
observed that the intensity of the 143 j.. meridional
reflection not only remains very strong during steady state
contraction, but also undergoes a lateral broadening across
the meridian upon activation. This lateral broadening of
the 143 A meridional reflection, a feature also present in
the O.D. patterns from images of fibers frozen after
activation in the present study (see TABLE III, and FIGURE
77), was interpreted by all four groups to indicate a
disordering caused by diminished axial coherence between
neighboring myosin filaments in the activated muscles.
Finally, it should be mentioned that Poole et al.
(1991) using time resolved X-ray diffraction measurements,
also observed an intensification (to 200% of the resting
level) and a lateral broadening of the 143 A meridional
reflection upon activation of bundles of 10-15 fibers of
rabbit psoas muscle (at 24°C) activated from the relaxed
state with photolysis of caged ca2+. Similar to the Huxley
and Bordas groups, poole et al. (1991) found that the
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intensification phase and the lateral broadening of the 143
A meridional reflection followed a time course of the
tension rise (t~ = 20 ms).
2
Thus, common findings among several groups monitoring
the changes in the X-ray diffraction patterns of VSM from
different types of species (frog, fish and rabbit) include
(1) a diminished intensity for all myosin layer line
reflections~ having a time course that is faster that the
rise in tension, (2) an intensification of the 143 A
meridional reflection and (3) a lateral broadening of the
143 A meridional reflection, the time course of these
latter two findings occurring with that of tension rise.
Qualitatively, these features were also apparent in the
0.0. patterns from images of fibers frozen 12-15 ms after
activation (see FIGURES 62 & 63).
V. F. 2. IMAGES AND THEIR DIFFRACTION PATTERNS FROM FIBERS
ACTIVATED 30-35 MS PRIOR TO FREEZING
It is reasonable to expect that the distribution of
the cross-bridge structural states, would be different in
fibers at 12-15 ms after activation (a time at which 15% of
steady state isometric tension had been achieved), compared
to the structural states of cross-bridges in fibers at 30-
35 ms after activation (a time after activation
corresponding to approximately 45% of the maximum isometric
tension; see tension traces for these two time points in
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FIGURES 59 & 64). If the structural state of the pre-force
generating cross-bridge was distinguishable from that of
the force generating cross-bridge, one might expect a
higher distribution of force generating cross-bridges and
fewer pre-force generating cross-bridges at the 30-35 ms
time point than at the 12-15 ms time point. What was
observed in the images from fibers frozen 30-35 ms after
activation was that the cross-bridges had a wide
distribution of shapes and angles (see FIGURES 65 & 66),
not unlike the images from the 12-15 ms samples. In both
cases, a large proportion of
perpendicular to the filament axis
cross-bridges were
with uniform density
extending from the thick to the thin filaments. The single
most striking difference between the images of the 30-35 ms
and 12-15 ms samples was the disposition of the myosin
heads in the non-overlap region. In the images from the
30-35 ms samples, the non-overlap region showed much less
of the helical tracks on the thick filament compared with
the images of the 12-15 ms samples (or images from the
relaxed controls). This observation could be interpreted
as a cooperative effect of the disordering of the relaxed
thick filament disposition of the myosin heads in the
overlap zone, extending into the non-overlap region of the
thick filament. If this interpretation was correct, then
it suggested that the time course of the cooperative
structural perturbation along the thick filament was such
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that it occurred after 12-15 IDS and before 30-35 ms.
The 0.0. patterns from the 30-35 ms samples had two
significant differences from those of the 12-15 ms time
points (compare FIGURES 62 & 63, the 0.0. patterns of the
12-15 ms samples, with FIGURES 67 & 68, the 0.0. patterns
of the 30-35 ms samples). First, instead of a single first
order layer line (at an inverse spacing of approximately
1/405 A-I), there were two distinct layer lines (each of
rather weak intensity) at inverse spacings of 1/(434 ± 2.7)
A-1 and 1/(371 ± 2.9) A-1 (mean ± s.e.m., n ::: 4).
Secondly, the third order 143 A meridional spot for the 30-
35 ms samples had such a large intensity, it dominated the
0.0. patterns. The 143 A meridional spot of the 30-35 ms
samples, was not only more intense than the same spot in
the 0.0. patterns of the 12-15 ms sample but it had a
greater lateral spread across the meridian (see TABLE III
& FIGURE 77).
O.D. patterns from images of the 30-35 ms samples: ~
comparison with the time resolved x-ray diffraction
patterns of activated VMS.
The observation of the changes in the 0.0. patterns of
the 30-35 ms samples in the present study, had similarities
to the kinds of changes observed by time resolved x-ray
diffraction, at approximately 35-45 ms after activation
through electrical stimulation (note: as mentioned above,
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electrical stimulation has ~ 10 ms lag time). As already
mentioned, the changes in the X-ray diffraction patterns of
VSM upon activation include an intensity reduction of the
myosin layer lines and an intensification and lateral
spread of the 143 A meridional intensity (H.E. Huxleyet
al., 1982; Amemiya et al., 1987i Bordas et al., 1991 i K.
Wakabayashi et al., 1991; Harford et al., 1991; & Poole et
al., 1991). The time course of the intensity reduction of
the myosin layer lines was faster than rise of tension
during activation, while the time course of the 143 A
reflection intensification and lateral broadening
paralleled the rise of tension development. corresponding
features, were present in the O.D. patterns of the 30-35 ms
samples: a relatively weak first and second myosin layer
line (at reciprocal spacings of approximately 1/429 A-1 and
1/215 A-1 respectively) I as well as an intense 143 A
meridional spot which had spread laterally to a larger
extent than at the 12-15 ms time point.
One of the more notable changes in the 0.0. patterns
from the 30-35 ms time point samples was the presence of a
new layer line at the reciprocal spacing of 1/(371 ± 2.9)
A-1, (mean ± s.e.m., n = 4). strong labelling of the 360-
380 A spacing in electron micrographs of rapidly-frozen
contracting rabbit muscle have also been observed by
Tsukita & Yano (1985), and H.E. Huxley et al. (1987).
However, reports in the literature on the X-ray diffraction
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data of the intensification of the actin 360 A layer line
are controversial, as was discussed in chapter II,
Historical Background. H.E. Huxley et al., (1982) did not
observe the intensification of the actin first layer line
in X-ray diffraction patterns of frog sartorius muscle
during activation, and were· puzzled by its absence. yagi
(1991), and Harford & Squire (1992), on the other hand, did
detect an intensification of the actin first layer line
upon activation. The differences between the technical
details, such as data collection and the like, for the H.E.
Huxley group and Yagi are fully described in chapter II
(Historical Background) and will not be repeated here.
Could the intensification of the actin 360 A layer line in
the present study, have arisen from an artifact of some, as
yet unidentified, process in the freeze-substitution? It
is somewhat unlikely that an artifact could produce the
effect that when a myosin head forms a cross-bridge with
the actin filament, the cross-bridge structure is altered
at some step in the freeze-substitution protocol such that
it gives rise to an intensification of the actin first
layer line. It is encouraging that there have been reports
in the literature (Yagi, 1991; Harford & Squire, 1992)
indicating an intensification of the actin 360 A layer
line from activated VSMusing live muscle which has not
been subjected to any freeze-substitution protocol.
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V.F.3. IMAGES AND THEIR DIFFRACTION PATTERNS FROM FIBERS
FROZEN AT 210-230 MS AFTER ACTIVATION
Based on the difference in tension between the fibers
from a steady state contraction and at the early time
points (compare tension traces in FIGURES 59 & 69), it was
expected that a clear difference in the structural
distribution of the cross-bridges would be observed ~n
images of samples from these two time points. The
structure of the cross-bridges was most clearly seen in the
images of the fibers frozen 210-230 ms after activation.
It was surprising that the general shape and angles of
cross-bridges in these samples were similar to those
observed in fibers frozen at the 30-35 ms and 12-15 ms time
points (see FIGURES 10-73 for images of the 210-230 ms time
points). Images of the 210-230 ms samples displayed cross-
bridges with a wide distribution shapes and angles, but a
large proportion of cross-bridges were of uniform density
and made a 90° angle with the thick filament shaft, as was
the case for the for the cross-bridges seen in the images
at the two earlier time points. Thus, by visual
inspection, the shapes and angles of the cross-bridges in
images of fibers at maximum isometric tension were
remarkable similar to cross-bridges in images of fibers
which had reached only 15% or 45% of their maximum
isometric tension (i.e., the 12-15 ms and 30-35 ms time
points respectively). This suggests that the variability
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of attachment configuration present during the steady state
contraction was established very early after Ca2+ release.
An alternative explanation for the undetectable change in
cross-bridge shape as a function of time after activation
is that the preservation scale using this method of freeze
substitution after ultra-rapid freez ing is such that
changes in the shapes of the heads is missed, despite the
shape changes that have in fact occurred. The latter
explanation is taken up further in the conclusion section
of this chapter.
The three major differences between the O.D. patterns
of the 210-230 ms and of the 30-35 ms samples were: 1) the
143 A meridional reflection was slightly broader along the
layer line (see TABLE III & FIGURE 77), and more intense;
2 and 3) the 1st and 2nd meridional spots (at the inverse
spacing of approximately 1/430 ~-l and 1/215 ~-1,
respectively) had diminished in intensity (this was
particularly evident for the 2nd order meridional spot).
At both early time points, the diffraction patterns showed
weak first myosin, and a first actin layer lines (at an
inverse spacing of approximately 1/430 ~-l and 1/360 A-I
respectively); both layer lines had approximately the same
intensity.
300
O.D. patterns from images of the 210-230 ms samples: .A
comparison with the time resolved x-ray diffraction
patterns of activated VSM.
As mentioned for the earlier time points, the lateral
spread of the 3rd order 143 1>. meridional reflection was
also observed in X-ray diffraction patterns of live
skeletal vertebrate muscles during activation (e.g., H.E.
Huxley et al., 1982; Amemiya et al., 1987; K. Wakabayashi
et al., 1991; K. Wakabayashi & Amemiya, 1991; etc.). The
lateral spread of the 143 A meridional reflection, seen in
the X-ray diffraction patterns of contracting muscle, has
been interpreted to indicate the diminished axial coherence
between neighboring myosin filaments (H.E. Huxley et al.,
1982; Harford et al., 1991). The intensification of the
143 A meridional reflection (and higher orders of
meridional reflections indexing on 429 AI 3n, where n = 1,
2, 3, ...) during contraction has been interpreted to
indicate a better ordering of the myosin projections at the
143 A spacing (H.E. Huxley, 1982; Amemiya, et al., 1987; K.
Wakabayashi et al., 1991; K. Wakabayashi & Arnemiya, 1991).
The reduction of intensity of the 430 A and 215 A
order meridional spots in the 0.0. patterns from images of
the 210-230 ms samples was also similar to that is observed
in X-ray diffraction of frog muscle (Yagi et al., 1981;
H.E. Huxley et al., 1982; Arnemiya et al., 1987; Bordas et
al., 1991) and fish skeletal muscle (Harford et al., 1991).
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The reduction of the 430 A meridional reflections has been
interpreted by the Squire group to arise from disordering
of the C-protein during contraction. This group suggested
that the C-protein analogue in fish muscle either may move
passively due to movement of nearby cross-bridges or it may
have its own dynamical role, perhaps a
modulatory/regulatory function, ~n the contractile
mechanism. The reduction of the intensity of the 215 A
meridional reflection has been interpreted by the Yagi
group to indicate a that the perturbation which distorted
the helix of the myosin head array of the relaxed thick
filament helix and subsequently gave rise to the 215 A
forbidden meridional reflection is destroyed during
contraction (possibly due to the cross-bridges adopting a
position which is more perpendicular to the thick filament
axis) . The Yagi group also suggested that the process
which destroys the helical perturbation of the relaxed
thick filament, as indicated by the decline in intensity of
the 215 A meridional reflection, might also be associated
with the intensification of the 143 A meridional
reflection, which is observed upon activation. squire et
al. (1990) suggest that it is the c-protein disposition in
the relaxed muscle which may perturb the myosin head array,
and thus distort their helical arrangement, giving rise to
the 215 A meridional forbidden reflection. Thus,
disordering of the C-protein on contraction, as indicated
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by a reduction in the intensity of the 440-420 A meridional
reflection, resulted in the removal of the helix
perturbation and hence the 215 A forbidden meridional
reflection essentially disappears. In light of this
interpretation, it is interesting that images of the
relaxed controls, in the present study I showed prominent
transverse stripes in the A-band region, thought to arise
primarily from C-protein, but those transverse lines became
considerably weaker, or even absent, in the A-band of
fibers at all time points after activation, also suggesting
a disorder of the disposition of the c-protein upon
activation. Another possibility for the lack of appearance
of the c-protein in the images of contracting and rigor
muscle is due to misregistration of the filaments in the
tension bearing states (i.e., contraction and rigor).
V. F.". GENERAL INTERPRETATION OF THE CHANGES IN THE
STRUCTURE OF THE CROSS-BRIDGES, IN IMAGES OF FROZEN FIBERS,
AND THE CHANGES IN THE OPTICAL DIFFRACTION PATTERNS OF
THESE IMAGES, AS A FUNCTION OF TIME AFTER ACTIVATION SINGLE
MUSCLE FIBERS.
The most surprising result of this study was that the
shapes and angles of the cross-bridges in activated fibers
were remarkable similar at the three time points after
activation analyzed in this study. As mentioned earlier,
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two explanations were given for this observation. The
first is that the variability in the shapes of the cross-
bridges present during a steady state contraction 1S
established early in contraction. The second explanation
is that the preservation scale using this technique of
ultra-rapid freezing and freeze substitution is such that
the changes in the shapes of heads are missed despite the
fact that they occurred. The latter explanation is
unlikely in light of the similarity between the changes
that occurred in the 0.0. patterns and the changes in the
·X-ray diffraction patterns as a function of time after
activation. This point is further discussed in the
conclusion section of this chapter.
The most noticeable morphological change that occurred
as a function of time after activation was that the helical
tracks of the myosin heads on the thick filaments, in the
non-overlap zone, observed so clearly in the images of the
control fibers, was still present in images of the 12-15 rns
time point samples (albeit weaker), but were not present in
the images from the 30-35 ms and 210-230 ms time point
samples. This observation was interpreted as a cooperative
effect of the disordering of the relaxed thick filament
disposition of the rnypsin heads
extending into the non-overlap
filaments. Finally, the effect
in the over lap zone,
region of the thick
of loosing the helical
periodicity in the non-overlap zone as a function of time
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after activation could possibly be due to a direct effect
of Ca2+ on the myosin heads. Investigation of activating
fibers at non-overlap may help to distinguish the direct
effects of ca2+ on the myosin heads and the other
possibilities for the decrease in the helical periodicity
of the thick filament in the non-overlap zone as a function
of time after activation. It is expected, however, based
on X-ray diffraction data of activated muscle at non-
overlap (Yagi & Matsubara, 1980), that there is not a
direct Ca2+ effect on the myosin heads in frog muscle.
The most striking result of this study was that the
changes in the O.D. patterns of images of the activated
fibers as a function of time after activation, occurred in
definitive and discernible ways. Furthermore, the features
of change in the O.D. pattern of the frozen samples were
remarkably similar to the kinds of changes observed from
time resolved X-ray diffraction studies of activated VSM.
The rest of this section will serve to summarize the
predominant changes observed in the o. D. patterns of the
images of fibers frozen, as a function of time after
activation, and interpretation of the changes in the O.D.
patterns will be made with respect to the changes observed
in X-ray diffraction patterns of activated VSM.
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Interpretation of the changes in the intensity of the
143 A meridional reflection during activation.
In the present study, changes in the 143 A meridional
spot in the 0.0. patterns of images of fibers frozen after
activation were observed to occur in both intensity and
broadening across the meridian. The intensity of the 143
A meridional reflection was observed to increase as a
function of time after activation, with the exception that
there was an apparent decrease in the 143 A meridional spot
in the 0.0. pattern of the 12-15 ms time point (it should
be noted, however, that this reduction in intensity must be
considered in relation to the fact that there was an
intensity reduction of all the spots in the O.D. pattern
from images of samples at the earliest time points).
Several investigators have observed an intensification
of the 143 A meridional reflection in the X-ray diffraction
patterns of VSM upon activation. Huxley et al. (1983)
interpret this as due to the cross-bridges being
distributed within a band of width which is equal in length
to the working stroke (i.e., assumed to be ~ 120 A). The
resultant 120 A wide bands within Which the cross-bridges
would be found would still occur with a 143 A axial repeat
generated by the initial cross-bridge levels. This group
also proposed that during contraction, the cross-bridge is
constrained such that the distal end of the cross-bridge,
the portion bound to actin, could move, but the proximal
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portion of the cross-bridge, at the 51-82 junction, could
not move, and would be bound to the thick filament shaft.
The regular repeat of the proximal ends of the cross-
bridges, at the 51-52 junction would effectively give rise
to the intensification of the 143 A meridional reflection.
In both the above explanations, the ordering of the
repeating structure might be higher than that arising from
the unattached cross-bridges in the relaxed muscle (i.e.,
reduced brownian movement; also see Thomas & Cooke, 1980).
These interpretations of the intensification of the
143 A meridional reflection upon activation of V5M are
compatible with the data in the present study to some
degree, but being able to look directly at the cross-
bridges of these activated fibers enabled us to rule out
certain possibilities. For instance, the images of fibers
at any of the three time points, analyzed in the present
study, did not reveal any obvious repeating band width, of
length 120 A, of the cross-bridges. Although images from
fibers frozen at any of the time points did reveal
intermittent stretches of thick filaments with groups of
equally spaced, perpendicular cross-bridges, this pattern
was fairly random and occurred only infrequently. On the
other hand, it was difficult to assess whether the proximal
or distal portion of the head moved during contraction (in
reference to the proposal by H.E. Huxley et al., 1983 for
the intensification of the 143 A reflection) or whether
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1attached cross-bridges reduced their brownian motion (in
reference to the proposal by cooke & Thomas, 1980 for the
intensification of the 143 A reflection) by visual
inspection of the images of the fibers at different time
points after activation. Because the images of the fibers
frozen at different time points after activation, an the
present study, represent an effective "snapshotn of the
fiber at the moment of freezing, it is difficult, using
this technique, to critically evaluate proposals which
incorporate dynamic changes in the cross-bridges (i.e.,
changes in the cross-bridges that occur on submillisecond
to millisecond time scale) as explanations for changes that
occur in the O.D. pattern of ultra-rapidly frozen muscle
fibers as a function of time after activation. Therefore,
the two possibilities mentioned above which incorporate the
dynamic nature of the cross-bridge structure as an
explanation for the intensification of the 143 A meridional
(i.e., whether the distal end of the cross-bridge, proximal
end of the cross-bridge, or both were able to move during
contraction, as proposed by H.E. Huxley et al., (1983), or
reduction of brownian motion of the attached cross-bridge
proposed by Cooke & Thomas (1980), could not be critically
evaluated by the technique used in the present study).
However, because an intensification of the 143 A meridional
reflection occurred in the O.D. patterns of images of
fibers frozen as a function of time after activation, it
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can be concluded that the dynamic nature of the cross-
bridge, in the proposals mentioned above, was not necessary
to explain the intensification of the 143 A reflection,
although this does not rule out the possibility that the
dynamic nature of the cross-bridges described in these
proposals may contribute, at least to some degree, to the
143 A intensification.
It should be noted, however, that the sorts of dynamic
changes in a cross-bridge that occur in the time domain
might be detected at any given instant, in the space domain
by a group of cross-bridges along the length of the fiber.
That is to say, one might expect that the sorts of dynamic
changes that a single cross-bridge would undergo during a
certain period of time would be reflected by an ensemble of
cross-bridges along a given length of the fiber at any
given instant. In this regard, examination of cross-
bridges along the length of the fiber axis, in a series of
fibers frozen as a function of time after activation,
revealed no consistent pattern with regard to the position
of the proximal or distal ends of the cross-bridge I
although subtle changes in structure at either of these two
extreme positions of the cross-bridges may not be
resolvable by the techniques employed in the present study.
For instance, it is not possible to determine whether the
52 portion of the myosin molecule was more adhering to the
thick filament backbone during contraction than in the
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relaxed state (i.e., one of the proposals by H.E. Huxley et
al., (1983) for the intensification of the 143 A meridional
reflection during contraction). Furthermore, there was no
change in the degree of random orientation of cross-bridges
along the length of the fiber (i.e., an assessment of the
brownian motion) as a function of time after activation,
suggesting that a reduction in the brownian motion was
unlikely the cause for the intensification of the 143 A
meridional reflection during contraction.
Another proposal for the intensification of the 143 A
meridional reflection was put forth by H.E. Huxley et al.,
(1982): internal shortening with the onset of contraction,
could produce a wide distribution of cross-bridge
positions, if cross-bridges had to always go to the end of
their maximum working stroke before detaching. When
shortening stops, cross-bridges part way through their
working stroke may detach and reattach again in a more
perpendicular orientation, so that a narrower range of
I
I
distributions is produced, resulting 1n the intensification
of the 143 A meridional reflection. If re-orientation of
cross-bridges to a more perpendicular angle with the thick
filament occurred after internal shortening stopped, then
I it is reasonable to expect an increased number ofperpendicular cross-bridges in images of the fibers frozen
at the latter time points. However, as mentioned earlier,
the appearance of the cross-bridges in images from fibers
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Ifrozen at 12-15 ms after activation (i. e., at a tension
level of 15% Tmax) looked remarkably similar to those in
fibers frozen in steady state contraction (i.e., at 100 %
Tmax> . This suggested that the number of cross-bridges
making a perpendicular angle with the thick filament did
not increase as a function of time after activation. Thus,
the possibility for the intensification of the 143 A
reflection as a function of time after activation being due
to an increase in the number of perpendicularly oriented
cross-bridges seems unlikely based on observations from
data in the present study.
It has been shown by Hase Lqr ove (1980), through
modeling of X-ray diffraction data, that the intensity of
the 143 A meridional reflection from resting frog sartorius
muscle is weaker (in relation to the 429 A off-meridional
layer line intensity) than would be expected if the myosin
heads were oriented approximately perpendicular to the
thick filament. Much better agreement for the intensity of
the 143 A meridional reflection in the relaxed state could
be obtained with heads tilted at angles of 200 to 400
degrees from filament axis (as has been suggested is the
true orientation of the relaxed heads relative to the thick
filament, e.g., Kensler & Stewart, 1986; squire, 1975,
1981; Irving & Peckham, 1986; etc.). Thus an increase in
intensity could be produced if the bridges were attached to
actin in a more perpendicular orientation during isometric
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contraction relative to the angle of the myosin heads on
the relaxed thick filaments (H.E. Huxley et al., 1982). In
the present study, it was difficult to resolve individual
myosin heads in fibers frozen in the relaxed state, however
the presence of the clear helical tracks on the relaxed
thick filaments suggested that the myosin heads were angled
towards and slewed around the thick filament axis, r n
agreement with the results of several other investigators
(e.g., Haselgrove, 1980; squire, 1981; Ip & Heuser, 1983;
Cantino & Squire, 1986; Kensler & Stewart, 1986; etc.). On
the other hand, cross-bridges in images of fibers after
activation did not display these helical tracts that were
so clearly seen in the images from relaxed fibers, rather
the cross-bridges from images of the activated fibers had,
in general, a much more perpendicular angle with respect
to the thick filament axis. These results favor the
proposal by H.E. Huxley
intensification of the 143
et al. (1982) that the
activationIi reflection with
occurs because the myosin heads are attached to actin in a
more perpendicular orientation during contraction, relative
to their orientation on the relaxed thick filaments.
H.E. Huxley & Brown (1967) suggested that the 215 Ii
(forbidden) meridional reflection, which is quite intense
in the relaxed frog sartorius X-ray diffraction pattern,
could not be given by myosin heads on an undistorted helix
with a pitch of 429 A and a subunit repeat of 143 J...
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IExplanations for the appearance of this reflection in the
relaxed state suggest that the reflection must either come
from some other structure of the thick filament, other than
the array of heads, such as a second order reflection from
C-protein, or there must be some systematic axial
displacement or perturbation of the cross-bridges from
their 143 A repeat (Yagi et al., 1981; Kensler & stewart,
1986). During contraction the 215 A reflection undergoes a
large decrease in intensity (H.E. Huxley et al., 1980,
1982). As mentioned above, Yagi et al. (1981), suggest
that upon attachment of the myosin heads to actin at a
defined angle, the perturbation that gave rise to the
forbidden reflection In the relaxed fiber would be
destroyed in the contracting fiber, and only the 143 A
repeat would manifest itself. This could explain both the
intensification of the 143 A reflection and the decrease in
intensity of the 215 A reflection observed during
contraction. 0.0. patterns from images of activated fibers
show an intensification of the 143 A reflection and a
reduction in the intens i ty of the 215 A mer idiona 1
reflection. Images of activated fibers showed several
cross-bridges with several different shapes and angles of
attachments. Thus, evidence from the present study
supports the proposal by Yag i et a1., (1981) f or the
intensification of the 143 A reflection and the decrease in
intensity of the 215 A forbidden reflection.
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Interpretation of the broadening of the 143 A
meridional reflection across the meridian, during
activation.
I
In o. D. patterns
broadening of the 143
of activated fibers,
A mer idiona 1 spot I
the lateral
across the
meridian, occurred with a rather monotonic time course that
followed tension (see TABLE III). H.E. Huxley et al.
(1982) and Harford et ale (1991), interpret the broadening
of the 143 A meridional reflection during activation as
resulting from the diminished axial coherence between
neighboring myosin filaments. H.E. Huxley et al. (1982)
report the relaxed state width of the 143 A reflection
indicates a sampling distance was on the order of 2000 A
(i.e., the width of approximately ten thick filaments). In
steady state contraction, the 143 A reflection broadened by
a factor of 2, indicating a reduced sampling distance of
approximately 1000 A (i.e., the width of approximately two
to three thick filaments). In the present study, the width
of the 143 A spot in the O.D. patterns from images of
relaxed fibers irldicateda sampling distance of ~ 14000 A
(i.e., about 6 X larger than the value from H.E. Huxley et
al., 1982), and the width of the 143 A spot in the O.D.
patterns from images of contracting fibers indicated a
sampling distance of ~ 2300 A (i.e., almost a six fold
increase in the width during contraction; also see FIGURE
77) .
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Although the magnitude of the coherent sampling
distance was different in the present study vs. that found
in the X-ray diffraction studies by H.E. Huxley et al.
(1982), both measurements were in the same direction change
dur ing contraction. As mentioned above, it has been
proposed by H.E. Huxley et al. (1982) and Harford et al.
(1991) that the broadening of the 143 A reflection during
contraction suggests that the axial register of neighboring
thick filaments diminishes upon contraction. H.E. Huxley
et al. (1982) further proposed that the M-bridges are
somewhat flexible so that some relative axial movement of
adjacent thick filaments can take place during tension
development, presumably when small unbalanced force
components "shear" the A-band. If this proposal were true,
it is expect that images of fibers would show increased
misalignment of the M-line or shearing of the A-band as a
function of time after activation. In fact in the present
study, it was observed that the A-band shearing was present
in the fibers at the earliest time point (12-15 rns)after
activation and was also detectable for the later two time
points (30-35 ms and 210-230 ms). The misalignment of the
M-line, however, was not readily apparent until the last
time point, when the fiber was in steady state contraction.
Thus, the images of fibers frozen at different time points
after activation support the proposal by H.E. Huxley et al.
(1982) and Harford et aL, (1991) that the effective
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Icoherent axial registration of thick filaments, within a
sarcomere, diminishes as a function of time after
activation, as assessed by the broadening of the 143 A
reflection, across the meridian, during contraction.
Three possible explanations for the differences in the
width of the 143 A meridional spot measured in this study
compared to that obtained by X-ray diffraction (H.E. Huxley
et al., 1982; 8.4 X 10-5 verses 5 X 10-4 A-i) are: (1)
differences in the field of diffraction for the two
techniques (i.e. the whole muscle in x-ray diffraction vs.
the image of the overlap region in the A-band of one
sarcomere of the relaxed fiber), (2) error in measurements
on the X-ray patterns, or (3) error in measuring the full
width at half intensity of the 143 A meridional spot in the
optical diffraction patterns. The number of myosin heads
that scatter X-rays in X-ray diffraction is on the order of
106 larger than cross-bridges in optical diffraction. The
smaller number of scattering units in the O.D. patterns,
effectively reduces the variability of position of the
myosin heads on the thick filaments and the position of the
thick filaments themselves with respect to each other.
The measurement of the full width at half intensity of
the 143 A spot in the O.D. patterns was done free hand
(i.e., the width was measured with a ruler, calibrated with
the 143 A axial distance to the equator, which was also
measured by a ruler, and the full width at half intensity
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I was estimated by visual inspection). This type of
measurement allows a great deal of latitude for human error
in the measurements, which very likely could have
contributed to the large difference between the the two
techniques in the measurements of the width of the 143 A
spot.
Interpretation of the changes in the 215 A and 430 A
meridional reflections during activation.
The intensities of the 215 A and the 430 A meridional
reflections decreased as a function of time during
contraction. In 0.0. patterns from images of fibers at the
12-15 ms time point, the intensities had already dropped
significantly relative to the controls, and both spots
maintained this same low level of intensity until the 210-
230 ms time point. It should be noted that the 215 A,
I
meridional spot was very weak, if not absent by the 210-230
rnstime point, whereas the 430 A meridional spot was still
clearly detectable (albeit weak) .
The magnitude and time course of decline of intensity
of the 215 A and 430 A meridional reflections was similar
in X-ray diffraction patterns of whole muscle compared with
that of the present study (H.E. Huxley et aL.., 1982;
I Harford et al., 1991). As described in the last section,it is possible that the decline in intensity of the 215 A
and 430 A meridional reflections during contraction are
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related. Harford et al. (1991) propose that the 215 j,.
meridional reflection, which is a forbidden reflection,
arises in the X-ray diffraction pattern from relaxed muscle
due to the perturbation of the helical array of myosin
heads by the disposition of the c-protein along the thick
filament. The reflection at 1/430 ~-1 on the meridian is
known, by antibody labelling, to due to C-protein in the A-
band of relaxed muscle (Rome et al., 1973). During
contraction the c-protein is thought to become disordered
thus resulting in a diminished 440 A meridional reflection.
Although it is difficult to test this proposal
experimentally since both reflections decline with about
I
the same time
Bordas et al.
course (with the exception of a report by
(1991) who found that the 215 A meridional
reflection declines with the rise in tension and the the
430 A meridional reflection declines much faster that the
215 A meridional reflection). However, in support of the
proposal that the C-protein disorders with activation, it
can be seen that the prominent stripes in the A-band of the
relaxed fibers, associated with c-protein, were largely
absent in images of fibers frozen after activation
(including the first time point at 12-15 ms after
activation), in the present study.
I
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Interpretation of the changes in the intensities of
the 429 A and 360 A layer line reflections as .a
function of time after activation.
There was a decline in the 429 A layer line intensity
as a function of time after activation, and this decline
followed the approximate time course of the rise in
tension. similarly, there was a rise in the 360 A layer
line intensity as a function of time which followed the
time course of the rise in tension. The decline in the 429
A layer line in the X-ray diffraction diagrams during
activation of muscle has been observed by several
1981; etc.). The general interpretation
Haselgrove,
Yagi et a I .
is that the
investigators (H.E. Huxley, & Brown, 1967;
1970, 1975; H.E. Huxley et al. 1980, 1982;
decline in intensity of the 429 A layer line represents a
destruction of the helical ordering of the myosin heads
around the ind i vidual thick filaments. Images of fibers
frozen after activation confirm that with the exception of
the overlap region of the image at 12-15 ms after
activation, there no longer exists a clear helical array of
myosin heads around the thick filaments.
The literature on the intensification of the 360 A
layer line reflection during contraction as monitored by X-
ray diffraction is controversial, as mentioned in chapter
2, Historical Backgroundj the issues surrounding the
controversies of the intensification of this layer line
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have been discussed in full previously. The interpretation
of the intensification of the 360 A layer line reflection
by those that have observed it (Yagi, 1991; Harford &
Squire, 1992) is that some of the myosin cross-bridges
decorate the thin filament during contraction, with an
actin based set of periodicities, but not to the same
degree as is seen in rigor. The shape and angles of the
cross-bridges in images of fibers undergoing active
contraction were different from those from images of rigor
fibers. Thus the decoration of the thin filaments during
contraction by the cross-bridges was not identical to that
in rigor.
V.G. CONCLUSION.
In summary, the optical diffraction patterns of images
of frog muscle fibers at different time points after
activation changed in definitive ways. The changes in the
optical diffraction pattern were qualitatively similar to
the type of changes seen in X-ray diffraction patterns
during the activation of frog muscle. The fact that there
was a similarity between the O.D. patterns of images of
fibers, during contraction, which have been ultra-rapidly
frozen, freeze-substituted and processed for electron
microscopy, and X-ray diffraction patterns of live muscle
undergoing active isometric contraction, gives support to
the notion that the images of the frozen fibers contain
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native ultrastructural features, comparable to, if not
identical to the true native ultrastructure of live muscle.
With this in mind, it was surprising that discrete and
quantitative changes in the cross-bridge structure in the
.ima qea of the fibers was subtle enough that it was
undetectable by visual inspection.
As discussed earlier, it is possible that the the
preservation scale within the electron micrographs, may be
such that shape changes of the heads are missed. If this
were true then it follows that lithe lack of visual
detection of shape change in the heads as a function of
time after activationll may be artifactual. That is to say,
the shape changes that did occur as a function time after
activation were simply not detected because of the
inadequate preservation scale. Although this possibility
cannot be completely ruled out, it seems quite unlikely
since the optical diffraction patterns from the images of
these fibers did show trends of change which were of
similar magnitude and direction as the changes in the X-ray
diffraction patterns of activated muscle. Therefore, to
the extent that X-ray diffraction is able to detect
structural changes, so too can the technique employed here
of ultra-rapid freezing and freeze sUbstitution for
electron microscopy. Unfortunately, the possibility that
neither X-ray diffraction nor O.D. techniques is detecting
the structural change that occurs within the head during
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activation still remains an issue. Further work along the
lines of image processing of the electron micrographs may
help to make clearer what are the structural changes in the
images that give rise to the changes in the optical
diffraction patterns as a function of time after
activation.
The future direction for this project is application
of image processing methods which will help to quantitate
the observed changes in optical diffraction patterns.
Electron micrographs will be digitized and the Fourier
Transform (F.T.) from selected regions of the digitized
micrographs will be calculated. Thus, as a first start,
the F.T. of selected regions of the digitized images will
give a more quantitative value for the position of the
layer lines and the broadening of meridional spots can be
obtained. Furthermore, by summing the power spectra from
several images of fibers of frozen in the same state (i.e.,
relaxed, pre-flash control, 15 ms after activation, 33 ms
after activation, 220 ms after activation, and rigor) one
can increase the signal to noise ratio and determine more
clearly the changes in intensities an the power spectra
that occur for the different states. Finally, by isolating
different regions in the image (i.e., single thick or thin
filaments) one can determine the diffraction pattern from a
very small number of cross-br idges, in an attempt to
correlate or assign individual structures to the different
322
intensities in the F.T. Alternatively, an inverse F.T. of
individual intensities or changes in intensities between
two states of the fiber (i.e., the increase in the 360 A
layer line as a function of the onset of activation) might
give rise to the identification of the cross-bridge
structural states that are changing during activation. All
of these approaches are currently being examined in an
attempt to determine the structural changes in the cross-
bridges that lead to force production during muscle
contraction.
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